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ABSTRACT 
 
Hydrothermal systems have been suggested as suitable environments for the 
appearance of life on the Early Earth and may provide habitats for microorganisms on 
Mars.  The deposits created by these systems are preserved in the geological record.  
This research investigates the key mineralogical, textural and biological markers 
found in terrestrial hydrothermal deposits that can be used as analogues in the search 
for evidence of life on Mars.   
 
Samples of silica sinter from Iceland and New Zealand, the Rhynie Chert 396 Ma old 
deposit from Aberdeenshire and hydrothermally altered impactites from the 
Chicxulub impact crater have been analysed to understand the mineralogical 
properties unique to the different hydrothermal conditions and the evidence of extant 
or extinct microorganisms within them.  Re-colonisation of basaltic substrates by hot 
spring-derived cultures was also carried out.  This research was conducted using a 
multidisciplinary approach with the analytical techniques and instruments involved 
currently used for in-situ and orbital observations of planetary bodies.  The principal 
techniques, Fourier Transform Infrared (FTIR) spectroscopy and Gas 
Chromatography Mass Spectrometry (GCMS), were used due to their combined 
capabilities in the identification of a variety of rocks and minerals, and a wide range 
of organic compounds.   
 
This PhD research has shown that FTIR in particular is an exceptional analytical 
technique for use in astrobiological investigations.  This research has characterised 
hydrothermal deposits of different ages and created by different processes on Earth to 
ascertain their potential for preserving organic compounds in similar deposits on 
Mars.  Results indicate that siliceous hydrothermal deposits of recent and ancient 
formation yield biomolecular evidence for past and present microbial colonisation as 
do hydrothermally altered impact deposits and re-colonised basaltic substrates.  The 
identification of mineralogical and biological information using FTIR reflectance 
spectroscopy has wide implications in the search for life on Mars and other planetary 
bodies. 
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Chapter 1 
 
INTRODUCTION 
 
1.1 Aim 
 
The aim of this research is to evaluate the astrobiological significance of 
microorganisms that have lived in extreme environments and are considered to be 
terrestrial analogues for Mars.  The research focuses on identifying the morphological 
or chemical signatures of life using a wide range of techniques including optical and 
Scanning Electron Microscopy (SEM), bulk chemical analysis, gas chromatography 
mass spectroscopy and Fourier Transform infrared spectroscopy within deposits 
associated with hydrothermal systems.   
 
Hydrothermal systems are considered the most likely locale for the origin of life on 
Earth (e.g. Corliss et al., 1981; Baross and Hoffman, 1985), and thus have an 
importance that goes beyond simply a habitat for microorganisms.  Deposits are studied 
from rhyolitic geothermal systems of New Zealand, mid-ocean ridge geothermal 
systems from Iceland, hydrothermally influenced impact breccias from the Chicxulub 
impact crater, New Mexico, the Rhynie Chert, ~ a 396 Ma old hot spring deposit, and a 
colonised basaltic substrate.  These environments were selected since there is an 
increasing body of evidence to suggest that hydrothermal systems were active on Mars 
in the past and potentially at present, and they would have provided favourable 
conditions for the survival, proliferation and perhaps ultimately the origins of life. 
 
This research investigates whether organic signatures are preserved in hydrothermal 
deposits and colonised rock substrates and can be identified using techniques available 
to orbiters and landers on Mars.  This work will not only assist in the identification of 
past and present hydrothermal systems on Mars, but will assess the level of preservation 
of organics and the ability to detect biomarkers in rocks of any age on Earth and on the 
Martian surface. 
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1.2 Astrobiology 
 
Astrobiology is the study of life in the universe and the chemistry, physics and 
adaptations that influence its origins, evolution and future (Soffen, 1999). 
 
The term exobiology was first coined in 1960 to define a field of study concerning itself 
with extant and extinct extraterrestrial biology (Soffen, 1999).  A broader vision of this 
science is Astrobiology, an emerging interdisciplinary field that includes subjects other 
than biology and biochemistry.  It encourages the consideration of biogenesis as part of 
the cosmic process, including formation of the elements, stars, planets and organic 
molecules, replicating organisms, evolution and human exploration.  The origins of life 
and the physio-chemical factors effecting living organisms must be addressed, such as 
gravity, solar and cosmic radiation, magnetic fields and environmental factors.  
Observations of the Earth’s biota should be conducted and the influences of rapidly 
changing and dynamic bio-geo-chemical cycles (Soffen, 1999).  Astrobiological studies, 
therefore, involve scientists from a variety of fields such as astrophysics and 
cosmology, planetary sciences, geology, palaeontology, chemistry and various sub-
disciplines of biology (Horneck, 1995). 
 
Mars is a logical candidate on which to search for analogues of modern terrestrial 
microorganisms due to its similarity, and close proximity, to our own planet.  In 1975 
NASA launched the Viking Mission whose main purpose was to search for evidence of 
life on Mars.  Simple tests were performed to identify known processes of metabolism, 
growth and photosynthesis, with ambiguous results.  The success of the Mars Pathfinder 
mission in July 1997 and the discovery of possible fossilised bacteria in Martian 
meteorite ALH84001 reported by McKay et al (1996) sparked new interest in the search 
for life on Mars.  Studying the origins of life on Earth may enable the development of a 
criterion for the emergence of life on other planets however tectonic activity and 
weathering have erased geological evidence of the earliest life on Earth.   
 
Microorganisms that live in extreme environments are one of the most productive areas 
of astrobiological research.  They have been found to thrive in deep sea hydrothermal 
vents, in the Antarctic Dry Valleys, in glacial ice, in sterile underground basaltic 
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aquifers (Stevens and McKinley, 1995), and in hot springs and acidic pools.  These 
environments can act as analogues for conditions on other planets, such as 
microorganisms living in permafrost and water ice on Mars or Europa; in the acidic 
ground or lower and middle cloud layers of Venus (Cockell, 1999); or the volcanic 
vents of Io.  Specifically for Mars, postulated environments revolve around protected 
niches such as rocks for endolithic communities (Friedmann and Ocampo, 1976; 
Friedmann, 1980), permafrost regions (Smith and McKay, 2005), evaporate crystals 
(Rothschild, 1990) and hydrothermal vents (Boston et al., 1992). 
 
1.3 Mars 
 
1.3.1 Life on Mars? 
 
A planet, such as Earth, must satisfy a number of conditions in order to enable the 
evolution of life based on terrestrial paradigms.  It must have liquid water over a 
biologically significant period of time and other compounds including the CHNOPS 
elements (carbon, hydrogen, nitrogen, oxygen, phosphorus and sulphur).  The planet 
must lie within an orbital zone that is thermally compatible with life (Kasting et al., 
1993).  The habitable zone of the Solar System extends from just within the orbit of the 
Earth to just outside that of Mars (Hiscox, 2001).  Water is considered a central 
environmental requirement for life therefore its existence at any point in Martian history 
is crucial to evaluating the potential for living organisms to exist on the planet.  Not 
only do most intracellular reactions occur within an aqueous environment but water 
itself plays two main roles in biochemical reactions within living organisms.  It acts as a 
universal solvent in the transport of reactants and products enabling complex reaction 
pathways to be maintained; it also is a component of biomolecules. 
 
The CHNOPS elements are key elements that make up compounds essential for life on 
Earth.  Carbon is the backbone of all organic molecules.  Nitrogen is a major constituent 
of nucleic acids, amino acids, nucleotides and coenzymes.  Phosphorus is a major 
constituent of DNA and RNA, of adenosine triphosphate (ATP) the energy that powers 
growth and movement, and of phospholipids that make up cell walls.  Sources of energy 
are also required for an environment to evolve life forms and once existed and exist 
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today on Mars.  Energy is received from the Sun although Mars receives half as much 
as the Earth due to its increased distance.  Thermal processes operated on Mars as 
evidenced by volcanoes such as Olympus Mons, and past tectonic processes creating rift 
valleys.  Impact structures are abundant on the surface, providing evidence that comet 
and meteoritic debris has bombarded Mars throughout its history (Cockell and Lim, 
2005) creating enormous sources of collisional kinetic energy.   
 
Methane (CH4) is an important marker of possible biological, internal or atmospheric 
processes on Mars whilst on Earth the dominant source of methane is biogenic as well 
as sources from natural gas, lakes and oceans.  The possibility of methane-producing 
microorganisms on Mars has been suggested previously by Boston et al (1992) and 
Weiss et al (2000) in the form of subsurface communities.  Methane can be derived 
from outgassing of volcanic/hydrothermal reservoirs or meteoritic or cometary material 
as well as from biogenic sources.  Chemolithotrophic microbial ecosystems are 
common in the Earths subsurface and they release methane as a by product of 
metabolism.  There exists a distinct possibility that in the sub-permafrost aquifer 
environment of Mars, microbial colonies may exist, where microorganisms utilize CO 
and/or H2 and produce methane (Boston et al., 1992; Weiss et al., 2000). 
 
The 1975 Viking Mission consisted of Viking 1 that reached Chryse Planitia on July 
20th and Viking 2 that landed at Utopia Planitia on September 3rd 1976.  Each carried an 
automatic laboratory that would make it possible to analyse the Martian soil for 
microorganisms.  Three experiments were designed on the premise that any life would 
have altered their environment (Brown et al., 1978; Klein, 1978).  The ‘labelled release’ 
experiment was designed to estimate the digestible capacity of the soil to transform food 
into gaseous products.  Radioactive gases were given off from the soil immediately after 
injection of an aqueous nutrient solution potentially created by microorganisms in the 
soil.  The ‘gas exchange’ experiment was designed to analyse the gases given off after 
digestion by chromatography.  Finally, ‘pyrolytic release’ was designed to reveal any 
activity involving photosynthesis of carbon compounds (Brown et al., 1978).  Strong 
oxidising molecules within the soil would react with the added water and produce 
oxygen and hydrogen, together with the nutrients to create carbon dioxide.  Chemical 
reactions with the Martian soil are generally believed to be the cause of the gases 
detected, not as the product of microorganisms (Soffen, 1976).  
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The Viking experiments were criticised as being too sophisticated and difficult to carry 
out providing ambiguous findings, with non-biological explanations (Klein, 1978).  The 
chosen sites were not appropriate as it would have been preferable to have conducted 
experiments in the old Martian valleys, at the poles or in places that once contained or 
still contain water in some form that would enable life to exist.  The real success of 
Viking, however, was that it carried out successful mapping of the planet, observing the 
volcanoes of the Tharsis region, fluvial features (McKay, 1993) and the polar regions, 
leading scientists to believe that liquid water once flowed on the surface.  A wetter Mars 
could help sustain suitable habitats for life. 
 
1.3.2 The History of Water on Mars 
 
Owing to the importance of liquid water as the ‘lubricant’ of organic chemical reactions, 
the history of water on Mars is highly applicable to the potential for the origin and 
survival of living things on the planet.  There is a wide range of evidence, ranging from 
imaging of surface features by orbiters to geological data obtained by landers for the 
occurrence of water on Mars over a significant portion of its history.  Mariner 9 vidicon 
cameras revealed the first evidence of sinuous channels and valleys on the surface of 
Mars that may have formed due to the flow of water on the surface, but might also be 
explained by lava flows, wind, debris flows or even liquid hydrocarbons (Baker et al., 
1992; Carr, 1996; Lucchitta and Anderson, 1980).  In the late 1970’s the Viking orbiters 
returned 52,603 images of the Martian surface and provided a basis for the 
understanding of water and landscapes on Mars (Carr, 1996).  These largely confirmed 
that channels formed due to the flow of water. 
 
Today, the surface of Mars is extremely cold, such that the ground is permanently 
frozen to metre depths, and dry.  At the surface the atmosphere is 100 times less dense 
than the Earth’s and holds minimal and fluctuating amounts of water vapour.  The 
summer north polar cap atmosphere has < 100 pr μm whereas there is 0 pr μm during 
the polar winter (Jakosky and Farmer, 1982).  The north polar ice cap sublimates and 
causes vapour to move to the southern cap during the northern spring/summer (Jakosky 
and Haberle, 1992).  Topographically, the lowest places on Mars have the most water 
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vapour, whilst the high areas contain the lowest.  Overall, this lack of surface water at 
present leaves wind action as the dominant surface-modifying process (Greeley et al., 
1992).  In contrast, landforms indicate extensive past activity of water and ice on the 
Martian surface.  Networks of valleys and channels (Figure 1.1) are found concentrated 
in ancient heavily cratered Noachian highlands (~ 3.5 billion years old), and in 
intermediate cratered Hesperian age terrains, but are also present in the younger 
Amazonian terrains of the Northern plains (Carr, 1996).   
 
 
 
Figure 1.1  Channels on Mars.  A HRSC image of the Nanedi Valles valley system (ESA/DLR/FU 
Berlin/G. Neukum, 2006).  Accessed: 11 February 2008. 
 
The Hesperian/Amazonian boundary occurs between 2.9 to 3.3 Ga ago.  Polygonal 
terrains related to water activity, commonly seen in terrestrial permafrost areas, are 
observed in uncratered Amazonian age areas implying the storage of a large proportion 
of Mars’ surface water in subterranean frozen reservoirs (Baker, 2001).  The occurrence 
of permafrost is also supported by impact craters on Mars which have layered flow-
ejecta probably representing the incorporation of groundwater and ground ice in ejecta 
deposits (Strom et al., 1992) and chaos terrain that has been interpreted as a site for the 
emanation of large amounts of water (Baker, 1982; Komar, 1979).  Martian volcanism 
also testifies to surface ice and has produced features interpreted as table mountains 
which would have built up as products of sub-glacial eruptions (Chapman et al., 2000); 
volcanic lava flows found in close association with cataclysmic flood channels; and 
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Olympus Mons has a morphology interpreted to be related to water/ice volcanic 
interactions (Hodges and Moore, 1979).   
 
The history of water on the surface of Mars has been divided by McKay et al., (1992) 
into four separate epochs within the main eras based upon atmospheric temperature and 
pressure.   
 
Epoch I Mid - late 
Noachian (~4.2 
- 3.8 Ga) 
• Thick CO2 atmosphere until end of the heavy 
bombardment ~ 3.8 Ga ago. 
• Water ice potentially provided to Mars by asteroids 
and comets (Luine et al., 2003). 
• A thick CO2 atmosphere creating enhanced 
greenhouse effects, mean surface temperature 
therefore above freezing, allowing liquid water to be 
stable at the surface (Pollack et al., 1987). 
• Atmosphere lost by: hydrodynamic escape, 
sequestration into the ice caps, carbonate formation, 
and absorption into the surface regolith (Manning et 
al., 2006; McKay and Nedell, 1988; Pollack et al., 
1987). 
• Surface temperatures began to decline. 
Epoch II Late Noachian 
to Early 
Hesperian (~3.8 
- 3.1 Ga) 
• Mean annual temperatures are below freezing. 
• Seasonal temperatures potentially above freezing 
allowing liquid water to coexist with ice. 
• At the end of Epoch II global mean temperatures 
have fallen to ~ - 40 °C, and total pressure to 0.5 atm 
(McKay and Davies, 1991). 
Epoch III Early Hesperian 
to Early 
Amazonian 
(~3.1 - 1.5 Ga) 
• Pressure still high enough to support liquid water (> 
6.1 mb) but air temperatures below freezing. 
• Liquid water may be present only in porous rocks. 
Epoch IV Early 
Amazonian to 
present (~1.5 Ga 
to 2008) 
• Atmospheric pressures < 6.1 mb, liquid water cannot 
be sustained on the surface and would have 
sublimated. 
• Temperatures still below freezing. 
• There are no ecosystems that live at pressures near 
the triple point of water, therefore, any life on Mars 
is assumed to have become extinct (Blackhurst, 
2007). 
• Any putative life-forms on Mars could have 
persisted up to the fourth Epoch (McKay et al, 
1992). 
 
Table 1.1 The history of water on Mars 
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Geomorphic observations and theoretical calculations suggest that large amounts of 
water may be hidden beneath the surface as ground ice or groundwater.  Using a 
Gamma Ray Spectrometer (GRS) onboard the 2001 Mars Odyssey, hydrogen was 
detected in the 1 - 2 metre subsurface, distributed over the entire planet (Boynton et al., 
2002; Feldman et al., 2002; Mitrofanov et al., 2002, 2003).  Water is the strongest 
candidate for this hydrogen-bearing substance.  In 2005, residual water ice was detected 
in an unnamed crater, 35 km in diameter, on Vastitas Borealis, a broad plain in Mars’s 
northern latitudes (Figure 1.2). The High Resolution Stereo camera (HRSC) onboard 
Mars Express located the water ice on the floor of the crater with faint traces along the 
crater rim sheltered from the sun at 70.17 N, 103.21 E (Brown et al., 2007). 
 
 
 
Figure 1.2 HRSC image of water ice within the unnamed crater (ESA/DLR/FU Berlin/G. Neukum). 
Accessed: 11 February 2008. 
 
The interaction between magmas and ice to produce liquid water has been an important 
process, particularly in the later history of Mars.  This interaction unavoidably implies 
that hydrothermal systems have existed on the red planet. 
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1.3.3 Hydrothermal Activity on Earth and Mars 
 
Hydrothermal systems involve the circulation of hot aqueous fluids beneath the Earth’s 
surface, principally driven by magmatic heat (Figure 1.3).  Hydrothermal systems can 
form in a wide range of tectonic environments: beneath oceans i.e. spreading centres, 
volcanic islands and oceanic plateaus, within intracontinental rifts, in continental 
margins, and in magmatic arcs along subduction zones.  The hydrothermal fluids can be 
derived from magmas or from seawater, metamorphism, precipitation (meteoric water), 
groundwater, connate (water in pore spaces) waters, or a mixture of two or more of 
these sources (Pirajno and Van Kranendonk, 2005).  These fluids interact with the wall 
rocks they encounter by dissolution of soluble components altering the chemistries of 
both rocks and fluids in an evolving dynamic system that involves the lithosphere, 
hydrosphere and biosphere (Lindsay and Brasier, 2002).   
 
 
 
Figure 1.3 A schematic hydrothermal system, adapted from White, 1973. 
 
Subaerial and subaqueous thermal springs and degassing volcanoes are evidence of a 
hydrothermal system operating beneath the surface.  Thermal springs are generally 
found in areas with high geothermal gradients created by mountain building processes, 
orogenesis, or residual or ongoing magmatic activity.  There are several types of 
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thermal springs on Earth (Renaut and Jones, 2003) such as acid-sulphate, alkaline-
chloride and carbonate-rich.  Acid-sulphate springs are low in chlorides and are 
characterised by a low pH, due to oxidation of H2S to H2SO4.  The thermal waters are 
generated by the condensation of steam and vapours as they rise through fissures < 400 
°C (Ellis and Mahon, 1977).  Acid-sulphate springs are generally associated with 
mudpools and fumaroles.  Alkaline chloride thermal waters are characterised by the 
presence of Na, K chlorides, silica, fluoride, ammonia, As, Li, Rb, Cs and boric 
compounds (Pirajno and Van Kranendonk, 2005), have pH values around neutral (Ellis 
and Mahon, 1977), and have well developed siliceous sinter deposits and microbial 
communities.  Carbonate-rich thermal waters are commonly found in areas underlain by 
calcareous rocks and produce travertine, a CaCO3 sinter.  It is deposited by exsolution 
of CO2 from the thermal waters as they reach the surface (Pirajno and Van Kranendonk, 
2005).  Hydrothermal systems are also observed to form in complex meteorite impact 
craters, with the heat source resulting from the conversion of kinetic to thermal energy 
(e.g. Newsom, 1980; Newsom et al., 1986). 
 
On Earth, sites of hydrothermal activity such as those described above support varied 
ecosystems in the surface and subsurface based on a range of photosynthetic 
cyanobacteria and chemoautotrophic microorganisms.  Hydrothermal processes may 
have been of crucial importance in the development of early life on Earth (Stetter, 1996; 
Glasby, 1998; Reysenbach and Shock, 2002) which is supported by rRNA analyses of 
the Phylogenetic Tree of Life (Pace, 2001) and has showed that the most primitive 
Archaea and Bacteria are thermophilic and thrived in high temperature environments.  
Microbial habitation of ancient hydrothermal systems is also preserved in the geological 
record of Sulphur Springs (3.24 Ga) and the Rhynie Chert (396 Ma).  The inhabitants of 
thermal springs on Earth are preserved within the sinters deposited by the systems.  
Similar situations on other planetary bodies would allow past ecosystems to be studied.  
 
Hydrothermal processes have operated and probably still do operate on other planets 
and moons in our Solar System.  In Mars, Europa, Callisto, Enceladus, and Titan, liquid 
water may persist to the present (Lyons et al., 2005; Zimmer et al., 2000; Kerr, 2005; 
Spohn and Schubert, 2003; Tobie et al., 2005a), raising the question of whether these 
planets host active hydrothermal systems.  If oceans exist in Europa, Enceladus, Titan, 
Oberon, and Triton, the tidal bulge of their ice shells may drive hydrothermal fluid flow 
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if sufficient permeability exists below their seafloors (Vance et al., 2007).  Most of the 
hydrous minerals found in meteorites, micrometeorites and interplanetary dust particles 
are regarded to have formed by reactions of primary anhydrous minerals with aqueous 
fluids on their parent bodies.  The widespread occurrence of hydrous minerals in 
primitive materials implies that aqueous alteration was a major physical and chemical 
process occurring in the early solar system (Ohnishi and Tomeoka, 2007).   
 
Several studies have been carried out on hydrothermal systems on Mars (Newsom, 
1980; Gulick and Baker, 1990; Farmer, 1996).  These have been directed towards 
regions that show morphological evidence of a heat source, particularly those with 
evidence for a heat source plus fluid flow.  Two heat sources that have been present on 
Mars are volcanism and impact cratering and in these areas water flow features have 
been observed (Brakenridge et al., 1985; Gulick and Baker, 1990).  The potential for 
groundwater interaction with volcanoes and impact craters on Mars have been modelled 
by Newsom (1980); Squyres et al (1987); and Gulick (1998).  Gulick (1998) performed 
numerical simulations of groundwater cycling and outflow expected from magmatically 
generated hydrothermal systems on Mars.  It was demonstrated that systems associated 
with magmatic intrusions greater than several hundred km3 in volume can provide 
sufficient groundwater outflow to form observed fluvial valleys if subsurface 
permeabilities exceed about 1.0 darcy.  Hydrothermal systems due to impact melt sheets 
have been studied by Newsom (1980) and Brakenridge et al (1985) who suggested that 
groundwater would interact with Martian impact melt sheets both inside and outside 
freshly formed craters.  These interactions include groundwater vaporization below melt 
sheets, the formation of two-phase regions in freshly crystallized rock above melt 
sheets, and hydrothermal convection driven by the crater-produced thermal anomaly, 
leading to seepage and valley formation peripheral to the ejecta blanket.  Newsom et al 
(1996) suggested that impact crater lakes may form with water supplied from deep 
confined aquifers that have been penetrated by the impact craters and that freezing was 
postponed due to the heat from impact-generated melt-bearing deposits.  Identification 
of the hydrothermal systems created is ongoing. 
 
If hydrothermal systems operated on Mars a selection of criteria should be satisfied to 
help direct the search for them.  These criteria include: geomorphologic evidence for the 
action of liquid water, evidence for volcanic constructs and/or lava flows, topographic 
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depressions and/or valleys hypothesized to be the result of structurally controlled 
collapse and/or rifting, impacts craters in ice-rich regions, hydrothermal mineral 
deposits such as silica, carbonates, sulphates, sulphides and metal oxides/hydroxides, 
water altered minerals such as jarosite and hematite and elevated elemental abundances 
of chlorine, and geological similarities to hydrothermal analogue areas on Earth. 
 
1.3.3.1 Evidence for Hydrothermal Processes on Mars - past and 
present 
 
Evidence for probable past hydrothermal activity on Mars can be seen in numerous 
locations that are analogous to localities on Earth.  Gullies have been identified 
occurring on slopes in craters, pits, and other depressions at latitudes ≥ 27° and occur 
preferentially on poleward-facing slopes (Malin and Edgett, 2000).  The 
geomorphology of the gullies implies the material that moved through them mimicked 
that of a liquid water-type fluid or water lubricated debris (Malin and Edgett, 2000).  
The fluids are predicted to originate from groundwater (Gilmore and Phillips, 2002; 
Heldmann and Mellon, 2004; Mellon and Phillips, 2001; Gaidos, 2001), melting ground 
ice (Costard et al., 2002), or snowpacks (Christensen, 2003).  These features may be 
created by the release of subsurface CO2, dry granular flows, lahars, or due to mild 
geothermal heating raising the bottom of the ground ice layer to > 40 °C to keep brines 
liquid.  This sporadic and scattered geothermal heating creates underground aquifers 
which occasionally crop out on hillsides (Malin and Edgett, 2000).  Remnant heat 
systems created during impact events may be linked to the occurrence of seeps on crater 
slopes (Figure 1.4).  The gullies and associated seeps appear geologically young due to 
sharp definition, their stratigraphic location, and the lack of superposed craters (Malin 
and Edgett, 2000). 
 
Chapter 1: Introduction 
31 
 
 
Figure 1.4 Martian gullies with light tone deposits on the northeast wall of Hale Crater, 35.5 °S, 35.4 °W.  
The picture is a mosaic of MOC images R07-02277 (acquired 31 July 2003), R13-01791 (acquired 11 
January 2004), and S16-01780 (acquired 21 March 2006). NASA/JPL/Malin Space Science Systems. 
(http://photojournal.jpl.nasa.gov/targetFamily/Mars).  
 
The Martian seeps are consistent with evidence for geologically young Martian 
volcanism.  HRSC images taken from the Mars Express mission, have shown calderas 
on five major volcanoes in the Tharsis and Elysium regions that have depression 
resulting from subsurface magma migrations (Crumpler et al., 1996) and evidence for 
resurfacing, with caldera floors as young as 100 Ma, with flank eruptions as young as 
2.4 Ma (Neukum et al., 2004).  The volcanoes are, therefore, potentially active today.  
Martian basaltic meteorite radiometric ages coincide with the recent volcanic activity 
estimates of between 100 and 200 Ma (Nyquist et al., 2001).  Martian crater density 
studies have aided in recent volcanic activity estimates, placing some lava flows with 
ages < 100 Ma, and possibly < 10 Ma (Hartmann and Berman, 2000).  All these 
volcanic age estimates indicate that geothermal activity has potentially occurred more 
recently in Martian history.   
 
The HRSC instruments and MOC data were used to study the Hecates Tholus volcano 
and the western edge of the Olympus Mons volcano shield.  The data showed a wide 
age range over which volcanic activity and related mobilization of water 
hydrothermally, or released through melting of snow caps by volcanically induced 
heating from underground, occurred with subsequent glacial activity (Neukum et al., 
2004).  This started more than 3.4 Ga ago but the most recent episode may have been 
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only 5 Ma ago (Neukum et al., 2004).  This provides evidence that liquid water could 
occur on Mars beneath glaciers in the polar or tropical regions, or at high altitudes on 
volcano flanks, due to hydrothermal activity, which could provide suitable 
environments for Martian life. 
 
1.3.3.2 Martian Surface Materials 
 
Rocks are some of the most informative planetary samples as they record geological 
events, processes and can preserve biological evidence over geologically significant 
periods of time.  There are 37 meteorites identified as having originated from Mars due 
to isotopic measurements of trapped gases in shock-melted glass (maskelynite) which 
were indistinguishable from Martian atmosphere (Bogard and Johnson, 1983; Becker 
and Pepin, 1984; Marti et al., 1995).  If hydrothermal systems have existed on Mars 
then Martian meteorites might be expected to contain evidence in the form of hydrous 
minerals formed through interactions with water. 
 
Martian meteorites are sub-classified into four groups: Shergottites, Nakhlites, 
Chassignites (SNC), and the orthopyroxenite ALH84001, and cover a range of rock 
types with differing mineral modes and compositions (Borg and Drake, 2005).  The 
Shergottites are the most abundant class of Martian meteorites.  They are predominantly 
basalts and basalt cumulates containing variable combinations of pyroxene + 
plagioclase ± olivine (McSween, 1994) and accessory phases of chromite, phosphate, 
pyrrhotite, ilmenite, silica, kaersutite, sulphides, carbonate and sulphate.  Impact derived 
melt is also present in variable amounts (Borg and Drake, 2005).  The Nakhlites are 
clinopyroxenites, dominated by definition by clinopyroxene, with olivine and 
mesostasis.  Minor amounts of plagioclase, K-feldspar, phosphates, impact glass, 
magnetite, ilmenite, sulphates, carbonates and iddingsite are found (Borg and Drake, 
2005).  The dunite Chassignites are composed primarily of olivine with trace amounts 
of pyroxene, plagioclase, K-feldspar, biotite, kaersutite amphibole, baddeleyite, apatite, 
and sulphides.  The orthopyroxenite ALH84001 represents the final meteorite class 
containing small amounts of olivine, plagioclase, K-feldspar, chromite, phosphates, 
silica, sulphides, magnetite, and carbonates (McSween, 1994).  They are proposed to 
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have crystallised either in lava flows as volcanic rocks or in mafic intrusions as plutonic 
ultramafic rocks (McSween, 1994). 
 
Water-related mineral assemblages are observed within all Martian meteorite subgroups 
and were formed at low temperatures through secondary processes and are preterrestrial 
in origin (Leshin and Vicenzi, 2006).  Shergottites and chassignites show the least 
aqueous alteration with only trace sulphate and carbonate salts, and ALH84001 contains 
~ 1 % carbonate.  The nakhlites contain the best evidence for aqueous alteration 
although the alteration materials only constitute < 1 % of the rock.  Olivine-hosted 
veinlets are observed filled with iddingsite rich in clay minerals such as smectite 
(Gooding et al., 1991; Treiman, 1993).  Other phases found in association with the 
smectite are ferrihydrite, maghemite, goethite, and two varieties of amorphous silicates, 
one rich in silicon and the other in iron (Treiman, 1993; Vicenzi and Heaney, 1999; 
Bridges and Grady, 2000).  Gypsum and halite are also observed within olivine veinlets 
(Bridges and Grady, 2000; Rost et al., 2005).  The alteration phases suggest that 
aqueous alteration took place at < 100 °C (Treiman, 1993).  Precipitation of iddingsite 
was determined by K–Ar dating to have occurred ~ 600 – 700 Ma ago (Swindle et al., 
2000). This suggests that low-temperature liquid water was available relatively recently 
for chemical alteration of near-surface igneous rocks on Mars. 
 
Trace quantities of carbonates, often chemically heterogenous on a scale of tens of 
micrometers, can also be found in veins formed by silicate alteration of olivine (Bridges 
and Grady, 2000; Vicenzi and Heaney, 2000).  Near-surface aqueous processes that 
occurred on Mars are recorded by carbonates in the Martian meteorites and have been 
especially studied in ALH84001.  The environment of formation of these secondary 
minerals has remained under debate despite extensive chemical and mineralogical 
characterisation showing that the carbonates are strongly zoned from ankerite to 
magnesite and show strong microscale zoning, with δ18O from ~ + 3 to + 25 ‰, which 
correlates with mineral chemistry (Leshin et al., 1996; Valley et al., 1997; Saxton et al., 
1998; Eiler et al., 2002b).  Extensive in situ C isotope analyses of these carbonates were 
recently reported by Niles et al (2005), who found that the δ13C values are also highly 
zoned, ranging from ~ + 30 ‰ for Ca-rich carbonates to + 60‰ for magnesite.  The 
isotopically heavy carbon is consistent with derivation of fluids from a 13C-enriched 
Martian atmosphere.  Hypotheses for carbonate formation include mixing of fluids 
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derived from two different environments, a coupled evaporation/CO2 degassing model, 
and formation from high-pH fluids (Leshin and Vicenzi, 2006). 
 
Although Martian meteorites provide direct samples that can be studied in the 
laboratory, they are only a very small sampling of the Martian surface both in coverage 
and depth into the crust.  Spectral observations from both orbiters and landers, however, 
provide indirect evidence for water-related mineral assemblages on the Martian surface.  
The Thermal Emission Spectrometer (TES) onboard Mars Global Surveyor detected 
coarse-grained deposits of grey crystalline hematite in Meridiani Planum, Aram Chaos 
and Vallis Marineris.  It was proposed by Catling and Moore (2003) that it formed by 
thermal crystallisation during diagenesis, or by precipitation from hydrothermal fluids.  
Either way, the factors required for its formation provide favourable environments for 
Martian life such as liquid water, abundant electron donors as H2 and electron acceptors 
as Fe3+.  The Mars Exploration Rover (MER) Opportunity in 2004 has also identified 
hematite in Eagle crater as 4 - 6 mm spherules (Figure 1.5), interpreted to have formed 
during burial diagenesis (Squyres et al., 2004) or by a process of oxidation and 
reduction where crustal/mantle fluids derived oxidized ions while rising in hot 
magmatic fluids or ambient groundwater (Chan et al., 2004).  The fluid would penetrate 
porous sands and precipitate mobile cations as hematite/goethite-rich material. The 
possible role of microorganisms in the origin of Martian concretions is as yet unknown 
but should be investigated.  The Mars Rover Opportunity also detected jarosite and 
gypsum (Morris et al., 2004), probably formed by acidic aqueous fluids that reacted 
with basalt under oxidising conditions (Elwood Madden et al., 2004).   The jarosite 
would have been preserved until the present by the onset of arid conditions soon after 
formation causing the basaltic alteration process to cease.  This suggests that liquid 
water did not persist in Meridiani Planum and so the presence of water over the surface 
of Mars was probably spatially variable.  The jarosite may however have formed later in 
Mars’s history during periods of transient liquid water stability (Elwood Madden et al., 
2004).  Sulphur-rich hydrated (Clark, 1978) salt layers, up to 30 wt% (Brueckner, 
2004), have also been discovered within saline sediments and further studies will 
provide vital information on the hydrogeological history on Mars. 
 
The northern plains of Mars have been interpreted as either andesitic basalt with high 
silica glass contents (Bandfield et al., 2000a) or altered basalt requiring sheet silicates 
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(Wyatt and McSween, 2002).  Olivine has been identified in crater floors, crater rims in 
the southern highlands and in volcanic rocks in and around Syrtis Major.  In craters > 20 
km in diameter and their lobate ejecta in the northern plains, mafic-rich zones rich in 
olivine have been observed (Bibring et al., 2005).  OMEGA has also identified the 
mineral nontronite (Na0.3Fe3+2(Si,Al)4O10(OH)2.nH2O), known to originate from the 
alteration of mafic to ultramafic igneous rocks, as the most abundant phyllosilicate 
(Bibring et al., 2005).   
 
 
Figure 1.5 Hematite blueberries (NASA/JPL/Cornell/USGS).  Accessed 11 February 2008. 
 
The phyllosilicates appear to be confined to Noachian aged terrains (Mustard et al., 
2007), and SNC meteorites, and include kaolinite, illite and muscovite, as well as minor 
chlorite and hydrated volcanic or impact glass.  Hydrated minerals are identified in a 
few specific areas such as unburied cratered units and around old impact craters 
pointing towards an active hydrological system in the Noachian.  The sulphates kieserite 
and gypsum have also been identified, which require water at the time of formation.  
The formation of phyllosilicates and hydrated glass could be due to near surface 
weathering or low temperature hydrothermal processes occurring in the cooling Martian 
crust (Mustard et al., 2007). 
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In addition to minerals formed by hydration by aqueous fluids, spectroscopic studies of 
Mars also imply mineral deposits may be directly precipitated from hydrous solutions in 
a manner akin to terrestrial sinter deposits.  The Alpha Particle X-ray Spectrometer 
(APXS) onboard the Mars Exploration Rover (MER) Spirit discovered rocks, 
subsurface excavated soil and centimetre-scale nodules exceeding 60 wt% SiO2.  A 
sample with basaltic Martian soil contamination removed, measured 95 % SiO2, 1.2 % 
TiO2, and 0.3 % Cr2O3 (Yen et al., 2008).  Silica is readily mobilised in aqueous 
solutions and is temperature dependent with higher temperatures corresponding to 
greater solubility.  One possible process for the formation of these high SiO2 deposits 
involves the dissolution of silicate rocks in hydrothermal fluids and reprecipitation of 
silica, forming silica sinters as observed on Earth.  These deposits on Earth provide 
habitats for extremophilic microorganisms and are particularly useful in preserving 
evidence from the surrounding environment at the time of formation. 
 
1.4 Martian Analogue Field Areas 
 
Various models of Martian exobiology have been proposed to evaluate the possibility of 
life on the planet (Cabrol and Grin, 1995).  Results obtained through missions over the 
last five decades show astrobiological potential, e.g. they have provided evidence for a 
warmer and wetter past climate suitable for life, but have not detected life itself.  
Models generally assume that Martian life has the same biological foundations as the 
life on Earth found thriving in extreme environments (Cabrol and Grin, 1995). 
 
Extreme environments on Earth are used as astrobiological analogues to Mars and 
include cold and dry regions such as the Antarctic Dry Valleys (Friedmann, 1982; 
Friedmann and Ocampo-Friedmann, 1984b) which are similar to assumed conditions on 
the Martian surface, and high temperature and water rich areas such as submarine and 
subaerial hydrothermal systems.  These high temperature environments are proposed as 
analogues as hydrothermal activity was likely more common and widespread during the 
early geological history of Mars, and may still be today.  This is indicated by; the 
extensive Noachian terrains, interpreted mostly to be igneous in composition (Scott and 
Tanaka, 1986; Greeley and Guest, 1987; Tanaka, 1986); evidence for a significant 
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volatile inventory during the Noachian (e.g., Clifford and Parker, 2001; Fairén et al., 
2003); and the large amounts of heat released by both endogenic activity during the 
embryonic stages of planetary evolution (Schubert et al., 1992) and cosmic impacts 
(exogenic activity) during a period of impact catastrophism (Strom et al., 2005).  If life 
developed on Mars, it may have left behind a fossil record in hydrothermal 
environments due to suitable preservation conditions combined with an abundance of 
long-term energy sources and water.  Siliceous sinter deposits are common depositional 
products in geothermal fields around the Earth, and are important due to the 
palaeoenvironmental, palaeohydrologic and palaeobiological information they record.  
Sinter forms as discharging, near neutral, alkaline chloride thermal fluids cool at the 
surface and deposit the dissolved silica as non-crystalline opal-A (SiO2).  This silica is 
deposited on any and all available surfaces, including microorganisms thriving in the 
thermal outflow, preserving them and their biomolecules for later identification.   
 
Evidence that hydrothermal systems existed on early Mars raises the possibility that life 
may have emerged on Mars as well.  To locate deposits of hydrothermal systems on 
Mars, and to identify the fingerprints of life within them, hydrothermal deposits on 
Earth are studied. 
 
1.4.1 Waiotapu, New Zealand 
 
Waiotapu, on the North Island, New Zealand is located above a subduction zone within 
a 300 km long, 60 km wide band of active and dormant volcanism (Hunt et al., 1994) 
called the Taupo Volcanic Zone (TVZ) (Figure 1.6).  The TVZ is characterised by 
extremely active volcanism with > 90 % of the Late Pliocene to Quaternary volcanism 
recorded in New Zealand occurring in this area (Wilson et al., 1995; Hochstein, 1995).  
As a subduction related volcanic zone, magmas are calc-alkaline and dominated by 
rhyolites, dacites and andesites, with minor amounts of calc-alkaline basalts.  The 
central part of the TVZ is one of the most active rhyolitic systems on the Earth (Wilson 
et al., 1995).  The surface expression of this activity takes the form of more than twenty 
active geothermal fields (Bibby et al., 1995).   
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Figure 1.6 Annotated Google Earth 2008 image, NASA.  The Hikurangi margin (white dashed line) and 
the subduction direction of the Pacific Plate are shown.  The approximate area of the TVZ is circled in 
white. 
 
Much debate exists over the processes that control the large-scale caldera volcanism and 
small-scale geothermal heat sources (e.g. Wilson et al., 1995).  Bannister et al (2004) 
identified high-level bodies of partial melt in the mid-crust, > 10 km, using low S-wave 
velocities.  The MOHO is also found to lie only 25 - 30 km beneath the TVZ (Bannister 
et al., 2004) and is thus very shallow suggesting upwelling mantle partial melts. 
 
Waiotapu, located on the eastern margin of the TVZ, has the largest area of surface 
thermal activity (18 km2) in the zone and produces 540 MW of power (Giggenbach, 
1994).  The volcanic activity here dates back 160 000 years, with carbon-14 dates 
indicating hydrothermal eruptions at Champagne Pool started 900 years ago (Lloyd, 
1959; Hedenquist and Henley, 1985).  Thermal features include steaming ground and 
fumaroles, collapse craters, hydrothermal eruptions and dissolution craters, boiling near 
neutral alkali chloride springs and acid sulphate mudpools (Figure 1.7 and see Chapter 
3, Section 3.1.3.1 for more details). 
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Figure 1.7 Photographs from geothermal areas, in the North Island, New Zealand. a. Pohutu Geyser, 
Whakarewarewa, Rotorua. b. Mudpools at Waiotapu. c.d.e. Hot springs at Waimangu.  Obtained 10th - 
12th January 2006. 
 
Living and extinct microbial communities are found at Waiotapu, the former thriving in 
the thermal fluids flowing from hot spring vents and over old silica sinter deposits while 
the later occur in now dry emergent layers, together with possible secondary endolithic 
communities (See Chapter 3, Sections 3.1.3.1 and 3.4.1 for more details.) 
 
As with almost any terrestrial analogue environment for Mars, the effect of tectonics 
will have to be taken into consideration but should not be used to discount the 
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credibility of the comparison.  The Waiotapu system arises due to subduction processes 
that have not been observed on Mars, however the analogue is still viable.  The 
Waiotapu hydrothermal deposits are hosted by rhyoltic rocks however it is widely 
accepted that the volcanic rocks present on the surface of Mars are dominantly basic to 
intermediate in composition (Arvidson et al., 1989; Bandfield et al., 2000a; McGetchin 
and Smyth, 1978; Wyatt and McSween, 2002).  There are however a few locations on 
Mars that possess domes and stratovolcanoes resembling terrestrial lava domes, that 
have been considered to consist of silicic (dacitic or rhyoltic) rocks based on their 
morphology (e.g. Hodges, 1979; Fink, 1980; Scott and Tanaka, 1982).  Furthermore, 
much of the surface geology at Waiotapu is composed of ignimbrites which the 
hydrothermal fluids flow through.  Paterae on Mars have been proposed to be formed by 
extensive pyroclastic volcanoes later covered by lava flows (Byrnes and de Silva, 2003), 
indicating that a hydrothermal deposit in Waiotapu may closely resemble one on Mars if 
the fluids flow through silicic pyroclastic deposits.  Finally, magmatic derived elements 
within solutions at Waiotapu are probably minimal as there is little to no contact 
between the hydrothermal fluids and magma. The main difference, therefore between 
Martian and Waiotapu hot springs, is probably just country rock. 
 
1.4.2 Haukadalur Valley and Krýsuvík, Iceland 
 
Iceland is located along the Mid-Atlantic Ridge (MAR) at the junction between the 
Kolbeinsey Ridge in the north and the Reykjanes Ridge in the south (Figure 1.8).  It 
contains 5 volcanic systems that are en-echelon swarms of tectonic fractures and basalt 
volcanoes that have formed as a result of the plate-pull created by the mid-ocean ridge 
and the magma dynamics of the underlying hot upwelling mantle plume 
(Gudmundsson, 2000).  Most systems are 40 - 150 km long and 5 - 20 km wide, and 
have developed a central volcano.  The surface expression of the mid-ocean ridge is a 
zone of active volcanism called the neovolcanic zone, which is composed of three main 
segments: the North, West and East Volcanic Zones (Gudmundsson, 2000).   
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Figure 1.8 Annotated Google Earth 2008 image, NASA.  The Mid-Atlantic Ridge is shown as a dashed 
white line with spreading directions shown by red arrows.  The area studied in this research is outlined in 
white. 
 
This volcanism has associated geothermal activity, which is subdivided into high and 
low temperature fields based on deep well temperatures and silicic geothermometry 
(Geptner et al., 2005).  There are 250 low-temperature fields, 20 high-temperature fields 
and 600 - 700 hot springs in the region, with subsurface temperatures of ~ 150 °C and 
340 - 380 °C respectively (Bodvarsson, 1960, 1961). 
 
The Haukadalur Valley is located on the eastern margin of the Western Volcanic Zone 
and is home to The Geysir area, one of the smallest geothermal areas in Iceland, 
covering only 3 km2.  The Geysir area lies in a shallow valley located at the bottom of 
the eastern slope of the 187 m rhyolitic dome Laugarfjall and contains the Great Geysir 
itself (Figure 1.9a) and the Strokkur geyser located ~ 400 m south (Figure 1.9b).  There 
has been no volcanic activity here during the last 10 000 years.  The geothermal system 
is driven by volcanic intrusions in the roots of a now extinct central volcano.  The 
lowlands east and south of the Geysir area are made of interglacial basaltic lava flows, 
with tectonic fractures striking SW-NE (Pasvanoglu et al., 2000). 
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Figure 1.9 Icelandic thermal features. a. The Great Geysir at Geysir. b. Strokkur. c. Seltùn. d. A hot 
spring, sinter and mud pool at Seltùn. Obtained 18th - 25th September 2006. 
 
The subsurface temperature at Geysir is ~240 °C at depths greater than 1 km, with hot 
springs emitting alkaline water at or near boiling point (Pasvanoglu et al., 2000).  
Geothermal features found here include 30 smaller geysers, hot springs, mud pools and 
fumaroles, which emit water through layers of older silica sinter which are found mixed 
with volcanic ash. 
 
The geothermal area of Krýsuvík is located on the Reykjanes Penninsula in southwest 
Iceland.  It is situated in the foothills of Sveifluháls, a móberg ridge built up by a series 
of effusive and explosive subglacial eruptions.  This ridge together with Vatnshlíð, 
create a fault-bound basin, in which sits Lake Kleifarvatn.  At Seltùn, within the 
geothermal area, there are hot springs, mudpools, fumaroles and an old sulphur mine 
(Figure 1.9c,d) (See Chapter 3, Section 3.1.3.2 for more detail). 
 
The setting of Icelandic hot springs along the MAR is not analogous to anything 
observed on Mars today, however magnetic data from Mars Global Surveyor highlights 
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the existence of transform faults and possible associated spreading centres in parts of 
the southern hemisphere (Whaler and Purucker, 2003).  Regardless of the existence of 
the tectonic regime, the basaltic volcanic nature of the Icelandic country rocks that hosts 
the geothermal systems, is a good analogy for the current understanding of Martian 
geology. 
 
1.5 Extremophiles and Fossilisation 
 
On Earth, unequivocal fossil and isotopic evidence for life dates back to 3.5 Ga ago 
(Westall et al., 2001).  By this time there was already a level of biological sophistication 
(e.g. Awramik et al., 1983; and Schopf and Walter, 1983), suggesting that life evolved 
much earlier.  If the early environment on Mars was similar in temperature, water 
abundance, and atmospheric composition to that on the early Earth and this similarity 
persisted over the time period in which life evolved on Earth, then life may have 
evolved on Mars during the same period (McKay and Stroker, 1989).  Furthermore, if 
the environment played a strong role in determining the form life assumed, these life 
forms may have been similar to those living on Earth pre 3.5 Ga ago (McKay and 
Stroker, 1989).   
 
The Early Earth was an inhospitable place, with elevated CO2, H2S, H2, low oxygen, 
and high temperatures.  Any life form that could evolve in this kind of environment 
needed to adapt to the harsh conditions.  The abundance of H2 in the early atmosphere 
combined with the ability of hyperthermophiles and archaea to oxidise H2, implies that 
extremophiles may have been one of the earliest forms of life with non-extreme forms 
evolving after.  The extremophiles however still had to have had evolved from other 
less complex microorganisms.  They may have formed by a symbiosis between simple 
microorganisms, each providing nutrients, more effective metabolic pathways or 
protective properties to the other to aid in survival.  Genetic drift may have occurred 
with random changes in alleles that conferred to extreme conditions increasing in the 
population, giving rise to extremophiles.  Finally, microorganisms that became 
geographically isolated in extreme areas may have evolved biochemical and 
morphological characteristics that enhanced survival and were then passed along 
through reproduction.   
Chapter 1: Introduction 
44 
 
Extremophiles, especially hyperthermophiles, have slow evolutionary clocks and have 
not evolved much over the past 3 Ga possibly a direct result of living in extreme 
habitats and the lack of competition. The genetic links between hyperthermophilic 
bacteria and archea to a common ancestor of all life suggests that this ancestor was also 
a hyperthermophile (Woese et al., 1990).  Modern hyperthermophile studies may reveal 
why the common ancestry of life points back to hydrothermal systems and whether a 
hyperthermophilic nature is likely to be common in all primitive biological systems 
(Shock, 1996) including those on other planets.   
 
1.5.1 Extremophilic Microorganisms 
 
Moderate environments with a pH near neutral, temperature between 20˚ and 40 ˚C, air 
pressure of 1 atm and adequate levels of available water, nutrients and salts, are 
important to sustain life.  Any environmental condition that is beyond the normal 
acceptable range is an extreme condition.  A variety of microorganisms inhabit these 
extreme environments, such as hot springs, saline and alkaline lakes, deserts and the 
bottom of the ocean.  These microorganisms are known as extremophiles and not only 
tolerate extreme conditions but require them.  The range of environmental extremes 
tolerated by microbes are: - 12 to > + 100 ˚C, pH 0 to 13, hydrostatic pressures up to 
1400 atm and salt concentrations of saturated brines (Satyanarayana et al., 2005).   
 
On Earth, cold environments dominate the biosphere (Satyanarayana et al., 2005) such 
as the oceans with temperatures < 5 ˚C covering 71 % of the surface and altitudes above 
3000 m where atmospheric temperatures are 5 ˚C down to – 40 ˚C.  In any cold 
environment, many of the isolates are psychrotrophs who have the ability to survive and 
grow at low temperatures by adapting membrane fluidity, by carrying out biochemical 
reactions at low temperatures, by regulating gene expression at low temperatures and 
can sense temperatures (Shivaji and Ray, 1995; Ray et al., 1998).  Without these 
features, the cold temperatures would freeze the microorganisms and their cell contents 
preventing biochemical reactions critical for metabolism and reproduction from 
progressing.  Adaptation was therefore of critical importance.   
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Habitats with elevated temperatures are not as widespread as those of temperate or cold 
environments.  Natural high temperature environments include volcanic or geothermal 
areas with temperatures greater than boiling, sun heated litter and soil or sediments ~ 70 
°C, and biologically self-heated compost, hay, saw dust and coal refuse piles 
(Satyanarayana et al., 2005).  Thermophiles are microbes capable of growth at high 
temperatures and cover a wide variety of prokaryotes and eukaryotes.  Brock (1986) 
defined a thermophile as ‘an organism capable of living at temperatures at or near the 
maximum for the taxonomic group of which it is a part’.  Hyperthermophiles are those 
that survive at the most extreme temperatures and are usually anaerobic and 
chemolithotrophic.  For any microbe, lipids, nucleic acids and proteins are susceptible 
to heat as these increased temperatures can cause the denaturation of proteins, degrade 
lipid membranes and destroy and/or cause fatal mutations in DNA.  Many structural 
factors enable them to grow at elevated temperatures as the need for adaptation to 
extreme conditions is fundamental for their central biochemical machinery to operate 
which is needed for survival and replication. 
 
Other types of microbes that grow in extreme environments are acidophiles (that live in 
low pH environments by maintaining their internal pH near neutral), alkaliphiles (that 
maintain a neutral to slightly alkaline cytoplasm), barophiles (that live at high pressures, 
low and high temperatures and organic nutrient levels, and are sensitive to UV light), 
halophiles (that can thrive in high salinities), oligotrophs/oligophiles (adapted to live in 
low nutrient environments) and radiation resistant and methanogenic archaea. 
 
Terrestrial extremophilic microorganisms that thrive in high temperatures are found in 
and around hydrothermal vents both on land and in the submarine.  Hydrothermal 
circulations can lead to fluid mixing with liquid water and a source of heat on any 
planet.  The mixing of aqueous fluids with differing compositions and oxidation states 
are not likely to be in thermodynamic equilibrium and will provide a source of free 
energy to drive organic synthesis from CO2 and H2 and provide geochemical energy to 
chemolithoautotrophic organisms (Shock and Schulte, 1998).  It is thermodynamically 
possible for 100 % of the carbon in the mixed fluid to be reduced during mixing to a 
combination of carboxylic acids, alcohols, and ketones in the range of 50 – 250 °C 
(Shock and Schulte, 1998).  As the temperature drops, larger organic molecules will be 
favoured.  This huge reduction potential probably drives the primary productivity 
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around present hydrothermal vents and would have been present in hydrothermal 
systems on the early Earth or Mars.  Once organic synthesis has taken place, the 
hydrothermal environment continues to support varied ecosystems and protects them 
from solar UV radiation, which is quenched after a few metres depth, and impacting 
objects from space, preserving them for millions of years. 
 
1.5.2 Fossilisation 
 
Fossilisation is a process that enables the remains of living organisms to be studied after 
their death and subsequent burial.  The most common process is mineralisation whereby 
hard parts of organisms are replaced by minerals that were dissolved in water present in 
the sediment.  The most common minerals are calcite, silica, pyrite and phosphate.  A 
locality must satisfy a number of criteria to be a suitable site for fossilisation and 
preservation of organic material. 
 
Thermal springs are a good environment for preservation due to the precipitation of 
minerals from solution and are a key target for the identification of microorganisms on 
Mars.  Silica sinter deposits are built up from amorphous silica masses that precipitate 
from the silica saturated thermal fluids during cooling (Konhauser et al., 2001; 
Mountain et al., 2003).  A variety of hyperthermophiles and thermophiles have been 
recorded as mats, within the hydrothermal fluid itself, and on the surfaces and within 
mineral deposits.  The silica preserves the microbes via by the attachment of silica 
molecules to readily available functional groups of cells, such as hydroxyl, carboxyl, or 
phosphoryl groups, which are suitable for the formation of hydrogen bonds (Ferris et 
al., 1988) and thus act as a template (Stone, 1997) for further silica deposition.  
Progressive silicification however can destroy cytoplasmic details and wall structure 
rendering the identification of biosilicified organisms difficult on morphological 
grounds (Jones and Renaut, 1996; Jones et al., 1997).  Biomarkers in the form of lipids 
(Pancost et al., 2005), proteins and carbohydrates can be preserved within deposits to 
identify microorganisms, differentiate between microorganisms within the same 
deposit, or simply identify that there once were microorganisms.   
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To search for evidence of past life on Mars, identifying biomarkers in ancient hot spring 
deposits on Earth is essential.  Ancient submarine thermal springs are more common 
and therefore studied on Earth as they are exploration targets for gold and base metals.  
Subaerial springs however are poorly known due to tectonic processes and 
metamorphism, weathering and erosion, and past human activities destroying or 
disguising them.  Studies on fossil (Mendelson and Schopf, 1992) localities indicate that 
morphological fossils and biomarkers can be preserved and identified in rocks of up to 
Archaean age.  Microfossil-like objects must be proven to be biogenic, and indigenous 
to and syngenetic with, the formation of rocks of known provenance and well-defined 
age (Schopf and Walter, 1983; Schopf, 2004).  Therefore, the co-occurrence of 
biological morphology and carbonaceous chemistry in ancient microfossil-like objects 
would be strongly suggestive of biogenicity (Schopf et al., 2007) on any planetary 
body. 
 
On Earth, hot spring deposits such as the Rhynie Chert in Scotland contain, for 
example, well preserved vascular land plants (Kidston and Lang, 1916-21; Remy and 
Remy, 1980; Hass, 1991), lichens (Taylor et al., 1995, 1997), fungi (Hass et al., 1994) 
and algae (Edwards and Lyon, 1983) that are ~ 396 Ma old (Rice et al., 1995).  The 
oldest evidence for life on Earth is found in the 3465 Ma old Apex Chert of 
northwestern Australia, in the form of 11 taxa of microbe-like filaments (Schopf, 1993) 
which through Raman spectroscopy have been shown to be geochemically moderately 
altered amorphous carbonaceous matter like the kerogen that makes up bone fide fossils 
(Schopf et al., 2002, 2005).  The combination of morphology and chemical evidence 
increases the authenticity of ancient organisms. 
 
1.6 Summary 
 
Past and present water enrichment on Mars is supported by geomorphic, spectral (e.g. 
Christensen et al., 2001; Rieder et al., 2004; Herkenhoff et al., 2004; Bibring et al., 
2006) and elemental (Boynton et al., 2002; Feldman et al., 2002) evidence.  
Hydrothermal activity was probably more common and widespread on Early Mars as 
indicated by extensive Noachian terrains interpreted as igneous in composition (Scott 
and Tanaka, 1986; Greeley and Guest, 1987; Tanaka, 1986); evidence for a substantial 
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volatile inventory during the Noachian (e.g. Clifford and Parker, 2001; Fairén et al., 
2003); and large amounts of heat released by endogenic activity during the early stages 
of planetary evolution (Schubert et al., 1992) and exogenic activity from cosmic 
impacts during the heavy bombardment period (Strom et al., 2005).  If life developed on 
Mars it may have left behind a fossil record in hydrothermal-related deposits due to 
suitable preservation conditions together with an abundance of long-term energy 
sources and water (Schulze-Makuch et al., 2007).   
 
The notion of Mars as a water-enriched, still possibly internally active planet is 
supported by the recent acquisition of information obtained by the Mars Global 
Surveyor (MGS), Mars Odyssey, Mars Express, and the MERs. The availability of 
water throughout Martian history and its possible existence up to the present time, as 
well as the dynamic interactions amongst water and endogenic and exogenic energy 
sources, render Mars a prime target for astrobiological investigations.   
 
There is as yet no evidence that life existed on Mars.  Prokaryotic microorganisms were 
important in the evolution of the Earth and life on it, and were specially adapted to 
environmental extremes of temperature, pH, salinity and low oxygen to anoxic 
conditions (e.g. Schulze-Makuch and Irwin, 2004).  If life gained a foothold on Mars, it 
would be expected to adapt to the changing conditions on the planet (e.g., Schulze-
Makuch et al., 2005a; Fairén et al., 2005; Houtkooper and Schulze-Makuch, 2007).  An 
endolithic environment may exist below the surface or within porous surface rocks as it 
is known to provide effective shelters for microorganisms from largely hostile 
macroclimates by finding refuge in a microscope niche where conditions suitable for 
life exist (Friedmann, 1982) and may most likely be in environments that are currently 
or once were hydrothermally active (Schulze-Makuch et al., 2007).  Given the evidence 
for volcanic activity as recently as 2.4 Ma (Neukum et al., 2004), associated 
hydrothermal systems represent the most likely locales for current day life on Mars. 
 
1.7 Objectives and Aims 
 
The main question asked in this study is; how would we identify the deposits of   
hydrothermal systems on Mars, and the probable organic matter they contain?  The 
Chapter 1: Introduction 
49 
overall objective of the work is to evaluate the mineralogical and chemical 
characteristics typical of hydrothermal systems in a multitude of environments on Earth 
and to use these to spectrally identify them on Mars.  Subsequently, the organisms 
found to inhabit these environments are commonly preserved in morphological or 
chemical states, and a spectral and/or biogeochemical technique capable of identifying 
them is needed. 
 
The specific questions this thesis has set out to answer are: 
 
1. What would biomarkers of microorganisms associated with Martian hydrothermal 
systems look like, both optically and spectrally? 
 
2. Are chemical biomarkers a more reliable indication of microbial activity in 
hydrothermal deposits than morphological remains? 
 
3. Are there observable differences in biomarkers associated with hydrothermal systems 
created by different processes and utilising different rock substrates? 
 
4. Are different rock types better suited to microorganism colonisation and 
preservation? 
 
5. Do biomarkers exist in impact-related hydrothermal systems, can they be identified 
as definitively microbial and specifically related to the hydrothermal system? 
 
6. Can biomarkers be detected in ancient hydrothermal deposits? 
 
7. Which analytical techniques are most useful in studying hydrothermal deposits and 
their microbial content on Earth, and which can be most useful on Mars? 
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Chapter 2 
 
ANALYTICAL METHODS 
 
2.1 Introduction 
 
The research aims of this project required a wide range of analytical techniques to be 
employed to address specific tasks: 
 
• Characterisation of the mineralogy and texture of silica sinters and 
hydrothermally altered rocks.  This work was achieved using Fourier Transform 
Infrared (FTIR) spectroscopy supported by two scanning electron microscopes 
(SEM), the JEOL 5900 and Philips XL30 and their Oxford Instruments INCA 
system analytical software packages and optical microscopy.  X-ray Diffraction 
(XRD) analysis provided quantitative mineralogical modes of the bulk rocks 
whilst FTIR and SEM allowed individual mineral analyses and textural features to 
be determined. 
 
• Characterisation of the geochemistry of silica sinters and hydrothermally 
altered rocks.  This was conducted using inductively coupled plasma atomic 
emission spectrometry (ICP-AES).  This technique yielded major, minor and trace 
element compositions of the samples. 
 
• Biological characterisation of thermal spring waters, silica sinters and 
hydrothermally altered rocks.  This work required the cultivation and 
characterisation of microorganisms through DNA extraction and PCR techniques 
and Gas Chromatography Mass Spectrometry (GCMS) analyses. 
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2.2 Infrared Spectroscopy 
 
Infrared (IR) spectroscopy allows the characterisation of the molecular structure of a 
material through the interaction of electromagnetic radiation with molecular and 
lattice vibrations of a structure.  IR spectroscopy is an extremely useful tool in the 
structural analysis of materials due to its non-destructive preparation techniques.  It 
allows results to be attained rapidly providing both quantitative and qualitative data. 
 
2.2.1 Theoretical Aspects of Vibrational Spectroscopy 
 
Vibrational spectroscopy involves the use of light to probe the vibrational behaviour 
of molecular systems.  The passage of a beam of electromagnetic radiation of 
intensity I0 through a substance can be either absorbed or transmitted, depending upon 
its frequency and the structure of the molecule it encounters.  Each atom within matter 
contains a positive nucleus surrounded by a negatively charged electron cloud that can 
form covalent chemical bonds with neighbouring atoms creating molecules.  
Vibration of atomic bonds occurs in response to the kinetic effects of temperature and 
is quantized. The effects of atomic vibration on electron clouds can be visualised as 
connected oscillating electrical dipoles.  Electromagnetic radiation is energy, so when 
a molecule absorbs radiation it gains energy as it undergoes a quantum transition from 
one energy state (Einitial) to another (Efinal).  The frequency, v, of the absorbed radiation 
is related to the energy of the transition by Planck’s law: 
 
Einitial - Efinal = ΔE = hv = hc/λ 
 
If a transition exists that is related to the frequency of the incident radiation by 
Planck’s constant, the radiation can be absorbed.  If the frequency does not satisfy the 
Planck expression, then the radiation will be transmitted.  The type of absorption 
spectroscopy depends upon the frequency range of the electromagnetic radiation 
absorbed.  Vibrational spectroscopy measures transitions from one molecular 
vibrational energy level to another, and requires radiation from the infrared portion of 
the electromagnetic spectrum.  The vibrational kinetic energy of a molecule consists 
of four components: (1) translation, (2) rotation, (3) bond bending, (4) bond stretching 
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(Figure 2.1).  Bond bending and stretching relate to deformation of a molecular unit 
by vibration and are internal modes related to the symmetry of the molecular unit. 
Valence stretching vibrations are those where one or more of the bond lengths change; 
planar bending vibrations are where one or more bond angles change whilst bond 
lengths remain constant; out-of-plane bending vibrations are where one atom 
oscillates through a plane defined by 3 neighbouring atoms; and torsion vibrations.  
There are symmetric vibrations where the symmetry of the molecule is retained 
throughout, and asymmetric vibrations where one or more of the symmetry elements 
of the molecules vanish during the vibration (Fadini and Schnepel, 1989).  Translation 
and rotation are external or lattice modes related to the structural relationship between 
a molecular unit and the rest of the structure. 
 
 
Figure 2.1 Translation (bond lengths and angles remain constant but the centre of gravity of the 
molecule changes), rotation (the centre of gravity, bond length and angles remain constant) and 
vibration (centre of gravity of the molecule remains constant and band lengths and/or angles change) 
motions (adapted from Fadini and Schnepel, 1989). 
 
The frequency of light required to cause a transition for a particular vibration is equal 
to the frequency of the vibration, so vibrational frequencies can be measured by 
measuring the frequencies of light absorbed by the molecule.  Molecular vibrational 
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frequencies (1013 to 1014 Hz) fall within the infrared region of the electromagnetic 
spectrum (Figure 2.2). 
 
Figure 2.2 The electromagnetic spectrum.  The infrared region falls between 1011..5 and 1014.5 Hz.  
 
At all temperatures the atoms in solid materials oscillate about their mean equilibrium 
positions as a kinetic response to energy minimisation on the potential energy surface.  
The vibrational energy state is defined by the kinetic and potential energies of the 
atom at any time.  The lowest vibrational energy state is attained at absolute zero and 
relates to the zero point energy where vibrations occur as a consequence of the 
quantised nature of energy.  
 
The fact that a molecule vibrates does not ensure the molecule will exhibit an IR 
spectrum.  For a vibrational mode to absorb infrared radiation, the vibrational motion 
associated with that mode must produce a change in the dipole moment of the 
molecule. 
 
Some molecules possess no permanent dipole moment but still undergo vibrations 
that cause changes in the value of the dipole moment from 0 to a non-zero value 
causing them to become IR active.  The exchange of energy between electromagnetic 
radiation and matter can only occur if the radiation and matter can interact.  
Electromagnetic radiation consists of perpendicular electric and magnetic fields that 
oscillate sinusoidally at the frequency of the radiation, and is the equivalent to an 
oscillating dipole moment.  A molecule interacts with the radiation by acting together 
with the oscillating electric field, if it possesses a similar field and has a similar 
frequency. 
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2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 
 
FTIR spectrometers are based on the principle of the Michelson interferometer.  Light 
from the infrared source is passed through a beam splitter which directs half of the 
incident intensity to a fixed mirror, and half to a moving mirror.  The two beams are 
recombined at the beam splitter, with a phase shift introduced between them.  In a 
Fourier transform spectroscopic experiment, light intensity is measured relative to 
time and converted via a Fourier transform to intensity vs. energy, usually expressed 
in units of wavelength, frequency, or wavenumber. 
 
In this study we used FTIR reflectance spectroscopy.  The reflectance of an 
electromagnetic beam is a complex function of the optical properties of the material 
i.e. its refractive index n and its dielectric constant ε, the wavelength of the incident 
radiation and the frequency of the atomic vibrations.  The optical properties of the 
material are inter-related such that ε = n2 and n = c/v where v is the velocity of light in 
the material.  At high frequencies incident electromagnetic waves mainly interact with 
electrons giving rise to high transmission velocities due to their rapid response and 
hence low n and ε.  At lower frequencies incident radiation demonstrates increasing 
interactions with atomic nuclei resulting in lower transmission velocities and hence 
higher n and ε.  The reflectance is given by the Fresnel formulae and increases with 
increasing refractive index n.   
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Solid samples have ‘smooth’ surfaces that eliminate multiple scattering and are 
dominated by Fresnel reflectance whereas particulate samples are optically thin and 
thus light penetrates and is refracted into grain interiors and is scattered or refracted 
back out.  With FTIR, spectral contrast can be reduced with decreasing particle size 
and crystallographic orientation will influence spectra and so unwanted effects are 
removed by observing randomly orientated particles or non-cleavage surfaces.  
Packing of fine particulate samples reduces the porosity allowing grains to behave 
more coherently, as an optically thicker surface produces less volume scattering, 
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however this tends to orientate grains.  The penetration depth of the beam is ~ 10× 
wavelength of light. 
 
2.2.2.1 Infrared spectroscopy of minerals 
 
Due to their regular crystal structures minerals have a restricted range of vibrational 
frequencies that are thus often characteristic.  There are a number of different types of 
vibration which may occur in crystalline materials depending on crystal type.  In non-
molecular crystals such as most oxides, all vibrations are lattice vibrations resulting 
from displacements across the entire lattice.  These may be classified into acoustic 
and optic vibrations which may be longitudinal - displacement in the direction of 
propagation, or transverse - displacement normal to propagation.  Acoustic vibrations 
are those in which the atomic displacements are in the same direction, whereas optic 
vibrations are due to atomic displacements in different directions.  Only optic 
vibrations which are associated with large changes in dipole moment are optically 
active.  Molecular crystals, such as carbonates, sulphates and silicates, in addition to 
the lattice modes, demonstrate internal and external vibrations of the molecular 
species.   
 
Vibrational frequency varies with bond strength and bond distance which is a 
complex function of crystal structure, molecular symmetry and composition.  The 
vibrations interact with light, absorb it and the light energy at various frequencies can 
be measured producing a spectrum (Figure 2.3).  Different mineral vibrations produce 
unique spectra, which are like fingerprints (Figure 2.3 and 2.4). 
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Figure 2.3 Normalised emissivity spectra for silicates, carbonates and oxides (Hamilton, personal 
communication, 2008.) 
 
 
Figure 2.4 Thermal infrared spectra of representative silicate, carbonate and sulphate minerals 
(Christensen et al., 2000).  Laboratory data were used from the Arizona State University (ASU) 
spectral library. 
 
2.2.2.2 Infrared Spectroscopy of Organic Compounds 
  
Organic functional groups i.e. atom groups bonded in particular ways, differ both in 
the strengths of the bonds and in the masses of the atoms involved. O-H and C=O 
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functional groups each contain atoms of different masses and they absorb IR radiation 
at different positions in the spectrum.  For biological spectroscopy, the important 
vibrations occur in the mid-infrared region (700 to 4000 cm-1 or wavelengths between 
2.5 and 16 μm) where most organic molecules show characteristic spectral features 
(Diem, 1993, Naumann et al., 1991) owing to different functional groups (Figure 2.5).  
 
 
Figure 2.5 Characteristic functional group frequencies (adapted from Williams and Fleming, 1995). 
 
Conventional thermal FTIR spectroscopy has been extensively used over the last few 
decades in biology and medicine: to characterize cell compounds and structures 
(Parker, 1983; Naumann et al., 1991; Diem, 1993;), to differentiate, classify, and 
identify microorganisms (Naumann et al., 1991; 2000; Choo-Smith et al., 2001) and 
to detect, enumerate, and identify microcolonies (Schultz and Neumann, 1991; Diem 
et al., 1999).  FTIR measurements may also be carried out on untreated material 
preserving the integrity of the original cells.  The IR spectrum can be divided into 
three regions for organic molecules.  Between 4000 and 1300 cm-1 absorptions are 
primarily due to specific functional groups and bond types.  Between 1300 and 909 
cm-1 complex vibrational motions are recorded in the ‘fingerprint region’, and 
between 909 and 650 cm-1 the presence of benzene rings in a molecule are found. 
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2.2.3 Analytical Technique 
 
Samples were prepared as polished grain mounts and powders for FTIR spectroscopy.  
Grain mounts are prepared by embedding < 1 cm to 4 cm sized fragments in UV-
activated resin and polishing with 0.3 µm Al2O3 abrasive and deionised water.  
Fragments were ground into a < 25 µm powder using an agate pestle and mortar and < 
1 cm sized crystals were also examined 
 
Mid-infrared reflectance analysis was performed using a Perkin Elmer Spectrum One 
spectrometer with a Perkin Elmer AutoIMAGE FT-IR Microscope attached.  
Reflectance measurements were taken over the spectral range of 4000 – 700 cm-1 (2.5 
to 14.3 µm), at 2 cm-1 spectral sampling, using an aperture size of 50 * 50 µm 
allowing 240 scans over a period of 4 minutes.  This band region was chosen to 
include the important vibrational modes of many silicate minerals and biological 
compounds.  A gold calibration standard was measured under the same settings and a 
known quartz section was measured to check machine accuracy.  The laser provides 
an internal frequency standard with an accuracy of ~ 0.01 cm-1.  Illumination of the 
samples was typically between 35 and 47 %.  Powdered samples were pressed onto an 
aluminium dish.  Samples BM31044; BM1948,230; BM1948,231; BM33566 of opal-
A, cristobalite, tridymite and opal-CT respectively, were analysed as reference 
samples.  These samples were donated by the Natural History Museum and are 
derived from the Czech Republic or are synthetic powders. 
 
2.3 Scanning Electron Microscopy (SEM) 
 
The SEM is a type of electron microscope that images the sample surface by scanning 
it with a high-energy beam of electrons in a raster scan pattern.  The electrons interact 
with the atoms that make up the sample producing signals that contain information 
about the sample's surface topography, composition and other properties such as 
electrical conductivity.  The interaction of an electron beam with a specimen 
generates: (1) backscattered electrons, (2) secondary electrons, (3) X-rays and (4) 
optical light.  Backscattered electrons can be used as a means of analysing the spatial 
distribution of atomic number in the specimen usually as a qualitative BSE image, 
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whilst secondary electrons can be used as the main means of viewing images in the 
scanning electron microscope.   
 
2.3.1 Backscattered Electrons (BSE) 
 
Backscattered electrons are beam electrons whose trajectories have intercepted a 
surface, and which escape the specimen i.e. electrons that have undergone numerous 
elastic scattering events to accumulate enough deviation from the incident beam path 
to return to the surface.  A wide angle (> 90 °) elastic scattering event will lead to a 
beam electron escaping as a BSE.  A similar result can also be obtained as a result of 
multiple deflections through smaller angles.  BSE remove a significant amount of the 
total energy of the primary beam and contribute to the production of additional 
secondary radiation products such as X-rays.  The fraction of incident electrons which 
leave the specimen in this way is known as the backscattering coefficient (η) and is 
strongly dependent on atomic number, because of the increasing probability of high-
angle deflections with increasing Z.  BSE have energies ranging up to E0 (the incident 
electron energy), and the mean of the energy distribution is highest for elements of 
high atomic number, for which there is a relatively large probability of high-angle 
deflections.  By comparison, low-Z elements where multiple low-angle scattering 
dominates, more energy is lost before the electrons emerge. The energies of 
backscattered electrons, therefore, provide a means of analysing the spatial 
distribution of atomic number in the specimen usually as a qualitative BSE image. 
 
2.3.2 Secondary Electrons (SE) 
 
Beam electrons lose energy by gradual transfer into the specimen atoms as ‘inelastic 
scattering’ which allows the beam electrons to propagate through many atom layers 
into the specimen before losing all their energy.  Inelastic scattering provides kinetic 
energy to electrons that originally occupied shells within atoms in the specimen so 
they are ejected and set in motion, giving rise to secondary electrons and analytical 
signals such as X-rays.  These ‘secondary’ electrons are distinguishable from 
backscattered electrons due to much lower energies of a few electron volts.  Only 
those electrons that originate within a few nanometres of the surface are able to 
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escape.  Some of these are produced by incident electrons as they enter the specimen 
and others by backscattered electrons as they emerge.   
 
The secondary electron coefficient (δ) is defined as the number of secondary electrons 
produced per incident electron.  Its value is between 0.1 and 0.2 and does not vary 
smoothly with Z.  Due to their emission from the surface layer secondary electrons 
can be detected to provide high resolution images of the topography of the surface of 
a specimen. 
 
2.3.3 Energy dispersive spectroscopy (EDS) 
 
EDS is a technique used to collect and determine the energy and number of X-rays 
that are given off by atoms in a material (Goldstein et al., 2003).  These X-rays can 
result from the excitation of a sample by an energy source, transition of electrons in 
the sample between different energy states, and the emission of excess energy from 
the sample in the form of X-rays.  The energy and wavelength of the emitted X-rays 
are characteristic of the elements from which they originated, and so can be used to 
identify which elements exist in the sample and the absolute concentration of those 
elements  
 
2.3.4 Analytical Technique Used 
 
All grain mount samples were carbon coated prior to SEM analysis.  EDS analyses 
were obtained using the JEOL5900LV electron microscope at an accelerating voltage 
of 20 kV and a beam current of 20 nA.  Analyses were preformed against cobalt 
standards and matrix corrections were applied.  Analytical uncertainties are estimated 
at ~ 0.5 wt% for most elements.  Standard JEOL atomic number, absorption and 
fluorescence (ZAF) corrections were applied.  When possible, matrix overlap with 
surrounding phases was evaluated using stoichiometry however analyses of phases 
smaller than 5 µm are likely to include matrix effects and are therefore semi-
qualitative.  Analyses of porous multi-phase aggregates, such as matrix, are assumed 
to be representative however, pore spaces influence ZAF corrections since these 
assume homogeneous materials, and so analytical errors will be greater.  In this 
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research EDS has only been used to confirm mineral identity and analyses which were 
non-stoichiometric were not used. 
 
2.4 X-Ray Diffraction (XRD) 
 
X-ray diffraction is a non-destructive analytical technique which can reveal 
information about the crystallographic structure, chemical composition and physical 
properties of minerals and materials.  XRD finds the geometry or shape of a molecule 
using X-rays and is based on the elastic scattering of X-rays from structures that have 
long range order.  It is commonly used to characterize heterogeneous solid mixtures 
and to determine relative abundance of crystalline compounds. 
 
The three-dimensional structure of crystalline materials, such as minerals, is defined 
by regular, repeating planes of atoms that form a crystal lattice.  When a focused X-
ray beam interacts with these planes of atoms, part of the beam is transmitted, part is 
absorbed by the sample, part is refracted and scattered, and part is diffracted as X-rays 
that have wavelengths on the order of a couple of angstroms, the same as interatomic 
distances in crystalline solids.  Diffraction of an X-ray beam by a crystalline solid is 
analogous to diffraction of light by droplets of water.  X-rays are diffracted by each 
mineral differently, depending on what atoms make up the crystal lattice and how 
these atoms are arranged. 
 
2.4.1 Analytical Technique Used 
 
The powdered samples were analysed using X-ray Powder Diffraction (XRPD) 
techniques.  This technique is relatively non-destructive and easily reproducible.  A 
uniform grain size, in this case < 25 µm, is paramount to provide a smooth surface for 
analysis.  Large powdered samples were used to better obtain a modal mineralogy and 
were packed into 180 mm3 aluminium wells.  XRPD data were collected using Cu Kα1 
radiation on an INEL curved position sensitive detector (PSD) with an output 
consisting of 4096 channels (each 0.03 °2θ wide) representing a total arc of about 120 
°2θ, enabling diffraction patterns to be collected simultaneously at all angles.  A 
randomised diffraction pattern was obtained by rotating the sample during data 
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collection.  Silicon and Ag-behenate were used as external standards for the 2θ 
calibration of the detector.  The 2θ linearization was performed with GUFI software.    
XRD detects all crystalline phases above ~ 50 nm and only phase identification i.e. 
qualitative results were obtained in this research.  For a review of XRD techniques see 
Cressey and Schofield (1996). 
 
2.5 Inductively Coupled Plasma Atomic Emission 
Spectrometry (ICP-AES) 
 
ICP spectrometry is one of the most powerful and simplest analytical techniques 
available.  The ability to perform simultaneous multi-element analysis (Thompson and 
Walsh, 1983) and the small quantities of sample (~ 100 ± 2 mg) required for a 
comprehensive analysis are two major advantages of the technique.  Samples are 
dispersed into a stream of argon gas through a nebuliser and are carried to an ICP.  
Within the ICP, sample atoms are excited causing them to lose electrons.  As these 
electrons are regained, the sample atoms emit photons of light with element 
characteristic wavelengths.  A spectrometer is used to separate the light emitted into 
the various wavelengths and these are detected and recorded simultaneously using a 
solid-state detector (Thompson and Walsh, 1983).   
 
2.5.1 Analytical Technique Used 
 
Materials were crushed and sieved to < 25 µm and homogenised using an agate pestle 
and mortar.  A Varian VISTA PRO ICP-AES instrument was used at the Natural 
History Museum, London.  Calibration standards BCR-1 (Columbia flood Basalt), JB-
3 (Japanese Basalt), BHVO-1 (Basalt) and BIR-1 (Icelandic Basalt) were used in the 
different material analyses. 
 
2.5.1.1 HF-HClO4-HNO3 Acid Digestion Procedure  
 
Hydrofluoric acid (HF) digestion was applied to the basalt samples to obtain trace 
element concentrations.  By using HF acid this procedure causes the loss of silicon 
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and some other elements that form volatile fluorides, so fusions were conducted to 
analyse these, plus other elements, described later.   
 
Platinum crucibles were weighed with 500 mg of sample in each.  The 500 mg 
samples were then placed into Savilex crucibles, 10 ml of HF and 4 ml of Perchloric 
acid (HClO4) were added, and then placed in a hotblock at 100 °C for > 4 hours.  The 
temperature was then increased to 150 °C to allow the HClO4 to evaporate.  The 
crucibles were removed when dry and allowed to cool.  Once cool, 5 ml of nitric acid 
was added together with 20 ml of deionised water and warmed gently for 20 minutes 
until the solution was clear.  Once cooled the solution was made up to 50 ml and 
transferred to plastic bottles for storage.  The final dilution must be 1:100. 
 
Water samples were treated with HNO3 before ICP-AES analysis. 
 
2.5.1.2 Lithium Metaborate Fusion Procedure 
 
Lithium Metaborate (LiBO2) (flux) fusion procedure was used to obtain silica and 
major rock forming elements found in the silicate minerals present in the rock 
samples, such as Al, K, Na, Fe, Ca, Mg, Ti, P and Mn.  Approximately 100 mg of 
each sample was weighed into platinum/5 % gold crucibles then 300 mg of LiBO2 
flux was added and mixed thoroughly with a platinum rod.  Crucibles were then 
partially covered with their lids and heated gently over a Meker burner until the flux 
melted and fusion had begun. 
 
Fusions were then heated at maximum, between 15 and 30 minutes, with the lid 
removed, until fusion was complete and a transparent molten bead of fused material 
was at the bottom of each crucible.  Any flux or sample residues were collected from 
around the inside of the crucibles using the bead.  After removal from the burner, a 
cold jet of water was directed carefully on the outside of each crucible to break the 
bead from the crucible walls, which was then transferred into 100 ml of 10% Nitric 
acid (HNO3).   
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The beads were stirred using a magnetic flee for several hours until completely 
dissolved, then the solution was made up to 250 ml with deionised water and 
transferred to a plastic bottle for storage until ready for ICP-AES analysis 
 
Analytical errors were evaluated by repeat analyses of standards, calculated as relative 
standard deviations, presented in Table 2.1. 
 
 SiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O TiO2 P2O5 MnO 
wt% 0.01 0.001 0.001 0.01 0.001 0.001 0.001 0.002 0.001 0.001 0.001 
            
 As Ba Cd Ce Co Cr Cu La Li Nb Ni 
ppm 4 0.005 15 10 10 1 0.5 0.5 4 10 3 
            
 Pb Rb S Sc Sn Sr V Y Yb Zn Zr 
ppm 10 15 5 1.5 2 0.001 5 0.05 0.001 0.1 1 
 
Table 2.1 Levels of detection for oxides and minor elements in silicate rocks by ICP-AES on moral 
fusion and acid solutions. 
 
Errors in elemental composition are in all cases smaller than the size of the data points 
on the graphs. 
   
2.6 Gas Chromatography Mass Spectrometry 
(GCMS) 
 
Gas Chromatography (GC) is a powerful analytical tool used for the separation and 
detection of organic compounds.  A typical GC system utilizes a carrier gas (usually 
helium or hydrogen) to transport the analytes from the injection port, through the 
column (which is located in a temperature-programmable oven, where separation 
occurs) and on to the detector where responses are observed as the specific 
compounds pass.  
 
Once the GC separates the constituents of the original sample, the individual 
components enter the mass spectrometer (MS) through an interface between the GC 
and the MS.  The MS is held at extremely low pressure (such as 3-5 x 10-6 torr) by 
use of a specialized vacuum, which is coupled to the MS manifold.  Within the 
manifold is housed the ion source.  As the compounds elute from the GC column, the 
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stream of molecules enters this source, where a metallic filament discharges electrons 
into the oncoming path.  When these electrons hit the stream of compounds, the 
compounds may split into various, predictable ionized fragments.  These fragments 
are then accelerated through a curved magnetic field, which separates the ions based 
on their "mass-to-charge" ratios.  "Lighter" ion fragments make it through the curved 
pathway, while "heavier" ones would normally collide with the walls of the curved 
field's assembly.  To affect the separating process and to allow the identification of all 
masses of interest, the MS can then manipulate the magnetic field, affording a 
controlled ability to identify specific ion masses by allowing the increasingly 
"heavier" compounds to pass the electromagnetic filter. 
 
2.6.1 Analytical Technique Used 
 
Samples of silica sinter, basalt and Rhynie chert were powdered and weighed to 1.0 g 
and placed into a 100 mm test tube.  A solvent mixture of 97:3 v/v of 
dichloromethane/methanol (DCM/MeOH) was added to approximately ¾ of the test 
tube.  The solutions were ultrasonically extracted in an ultrasonic bath for 25 minutes 
at 25 °C.  They were then placed into the centrifuge at 2500 rpm for 10 minutes and 
the supernatant solvent was removed with a pipette into another 100 mm test tube.  
This extraction was repeated three times and then left to dry underneath aluminium 
foil.  Once the solvent has evaporated, 500 µl of DCM was added and briefly shaken 
to thoroughly mix the solution. 
 
This technique is extensively used for characterising extractable organic molecules 
(lipids) within samples.  Compound detection of the  hydrocarbons was performed 
with an Agilent Technologies 6890 GC coupled to an Agilent Technologies 5973 
quadruple mass selective detector (MSD) using a HP-ULTRA-2 fused-silica capillary 
column (50 m × 0.20 mm i.d. coated with 0.11 μm cross-linked 5 % -diphenyl– 95 % 
-dimethyl siloxane as stationary phase) and helium as carrier gas.  The samples were 
autoinjected using a splitless injector at 280 °C.  The column was heated from 50 °C 
to 300 °C at 5 °C/min followed by an isothermal period of 10 min. The MSD was 
operated in the electron impact mode at 70 eV, source temperature of 250 °C, 
emission current of 1 mA and multiple-ion detection with a mass range from 50 to 
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550 amu.  Compound identifications are based on comparisons of GC retention time, 
mass spectrometric fragmentation patterns and with the literature.  The data obtained 
from the GCMS in this research is not quantitative as its sole purpose was to support 
results obtained through FTIR, not to assess the concentrations of molecular species 
within the samples.  There are therefore no analytical errors to present and the graphs 
shown throughout this research should be approached with the view of identification 
not quantification.  
 
2.7 Microbial Cultivation 
  
Cultivation of microbes is an important technique in microbiology, used to increase 
the biomass of a sample to sufficient levels for characterisation.  Organisms need a 
variety of chemical elements to act as nutrients in order to grow both in nature and in 
the laboratory.  A diversity of compounds exists in nature, both organic and inorganic, 
which are utilised by microorganisms but to grow in the laboratory they need an 
appropriate media.  Media are preparations of nutrients that stimulate or enhance the 
growth of microorganisms by providing essential chemical elements for cell growth.  
Important elements include carbon, nitrogen, hydrogen, oxygen, sulphur, 
phosphorous, trace elements and organic growth factors (Pelczar et al., 1993).   
 
A wide variety of media are available for the growth of microorganisms in the 
laboratory.  Most media consist of chemical components necessary for growth of a 
particular organism.  Ingredients are added to de-ionised water and then sterilised.  To 
grow bacteria on a solid medium, a solidifying agent such as agar is added to the 
medium before it is sterilised.  Agar is a complex polysaccharide derived from marine 
algae and will remain a liquid after sterilisation until the temperature drops below 40 
°C, upon which it is poured into Petri dishes (Tortora et al., 2001). 
 
2.7.1 Analytical Technique Used 
 
The organisms in this study were collected from outflow of an Icelandic hot spring 
and were inoculated out of the liquid and then grown in the Biology Division labs at 
Imperial College London.  The original sample, in 5 ml and 10 ml batches, was 
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inoculated in 5 ml of liquid media LB (Luria-Brothi) agar.  LB is composed of 5 g/L 
NaCl, 5 g/L yeast extract and 10 g/L Bacto Tryptone.  They were incubated for 2 days 
at 37 °C together with an LB control.  In addition, the original sample (10 ml) was 
incubated for 2 days at 37 °C with no LB media.  After 2 days, 100 µl of culture were 
striked on LA media (LB media plus 15 g/L DIFCO agar) plates. 
 
For colonisation of the basalt cubes, four cubes were sterilised in the autoclave 
(through the dry cycle at 134 °C for 20 minutes, at 2 bars pressure) and then placed in 
LB media.  Two cubes had 5 ml and 10 ml of Icelandic microorganism culture added 
to them and were incubated for one month at 37 °C.  Control samples contained cubes 
with LB media but no culture.  An additional control for the LB media was LB alone, 
and the control for the Iceland culture was the culture itself with LB media but no 
basalt cube (this is described in Chapter 6, Section 6.3.3). 
 
2.8 DNA Extraction 
 
DNA extraction and analysis are techniques employed to specifically identify 
microorganisms.  In this study, once the microorganisms were cultivated successfully 
and had potentially colonised the basaltic substrates, it was necessary to identify them 
in order to establish what specific microorganisms were present and to rule out 
contamination.  Hot springs are typically dominated by thermophilic microorganisms 
however other species of microbes may have been collected in the outflow channels, 
such as cyanobacteria, fungi and heterotrophic bacteria.   
 
Contamination is a significant complicating factor when working with microbial 
cultures, especially when several different microorganisms occupy the specific habitat 
in question, and must always be considered.  It is therefore important to identify the 
contaminants that may have previously inhabited rock surfaces and interiors or were 
added to fluids during sampling, handling, transportation and storage.  To know which 
organisms are present enables changes in the rocks under investigation to be correctly 
correlated and understood. 
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Organisms can be characterised on the basis of morphology however this is 
problematic, due to the small sizes and visual similarities of many microorganisms, 
for classification without additional information.  Molecular studies have been 
conducted using ribosomal RNA (rRNA), a type of RNA found in ribosomes which 
are the protein manufacturing machinery of all living cells.  This type of RNA is the 
least variable gene and for this reason the genes that encode it are sequenced to 
identify an organisms’ taxonomic group.  The rRNA molecular survey technique has 
identified major phylogenetic groups never detected through cultivation.  Genomic 
DNA extracted from the environment directly is a viable method for the molecular 
analysis of natural populations of microorganisms as < 1 % of most naturally 
occurring microorganisms are cultivatable in the laboratory using standard techniques 
(Purdy et al., 1996; Hugenholtz et al., 1998; Walker et al., 2005; Spear et al., 2005). 
 
2.8.1 Analytical Technique Used 
 
Bulk environmental (genomic) DNA was extracted using a mechanical bead-beating 
protocol optimized for efficient extraction of high quality DNA as reported by Meyer-
Dombard et al (2005), with Q-BIOgene’s FastDNA Spin Kit for soil.  Extracted DNA 
was amplified with primer pairs 21Fa-1391R, (21Fa; TTC CGG TTG TAC CYG 
CCG GA, 1391R; GAC GGG CGG TGT GTR CA) targeting archaeal 16S rRNA 
genes, and 27Fb-1492R targeting bacterial 16S rRNA genes (27Fb; AGA GTT TGA 
TCC TGG CTC AG, 1492R; GGT TAC CTT GTT ACG ACTT) (Lane, 1991) 
USING A Gene Amp PCR system (Applied Biosystems).   
 
2.9 Polymerase Chain Reaction (PCR) 
 
The polymerase chain reaction (PCR) allows scientists to detect a specific DNA 
sequence against the background of a complex genome.  PCR generates analysable 
quantities of the organism’s genetic material for identification.  It is a test tube system 
for DNA replication that employs DNA polymerase, the essential enzyme of cellular 
DNA replication, to selectively amplify a target DNA region.  These enzymes are 
present in all living things.  They copy genetic material, and proof read and correct the 
copies made.  The discovery of Taq polymerase, used by the bacterium Thermus 
Chapter 2: Analytical Methods 
69 
aquaticus found in hot springs, made this technique possible.  The DNA polymerase 
of this bacterium is stable at the high temperatures needed to perform amplification 
where other DNA polymerases become denatured. 
 
Polymerase Chain Reactions (Figure 2.6) can characterise, analyse, and synthesise 
any specific piece of DNA or RNA i.e. molecular photocopying.  It seeks out, 
identifies and duplicates a piece of genetic material from blood, microbes, animals, or 
plants up to millions of years old.  PCR requires a template molecule, the DNA or 
RNA you want to copy, and a pair of oligonucleotide primers.  These are single 
stranded DNA sequences of 20 - 30 nucleotides that serve as points of attachment for 
the polymerase.  DNA consists of four nucleotide bases: adenine (A), cytosine (C), 
guanine (G), and thymine (T), bonded to each other via hydrogen bonds.  Bonding is 
specific, adenine and thymine always bond together and cytosine and guanine always 
bond together.  In PCR, the oligonucleotide primers bracket the region to be 
amplified: one primer is complementary to a sequence at the beginning of the target 
region and the second is complementary to a sequence at the end of the target region 
on the antiparallel strand (Bloom et al., 1996).  Sequencing the PCR products of this 
region will enable identification of the organism of interest.     
 
To perform a PCR reaction, a small quantity of the target DNA is added to a buffered 
solution containing DNA polymerase, oligonucleotide primers, the four 
deoxynucleotide building blocks of DNA, and the cofactor Mg ++.  The PCR mixture 
is taken through 20 - 30 cycles of replication, each cycle doubling the copy number of 
the target region (Jadubansa, 1996).  Each cycle consists of three basic steps.  The 
first stage is for one to several minutes at 94 - 96 °C which causes the DNA to 
denature into single strands.  The second stage occurs for one to several minutes at the 
optimal annealing temperature during which the primers hybridise to their 
complimentary sequences on either side of the target region.  The temperature and 
time required for this depends upon the concentration of primers, the length of primer 
sequences and the base composition of the primers.  Stage three is at 72 °C where the 
polymerase binds and extends a complementary DNA strand from each primer 
(Jadubansa, 1996).  The result is two new helixes, each composed of one of the 
original strands plus a newly assembled complementary strand. 
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Figure 2.6 PCR procedure.  A single PCR cycle consists of three distinct steps carried out at different 
temperatures.  Successive cycles generate an exponentially increasing number of DNA fragments.  1 - 
Denature (melt) double strand ~ 95 °C for ~ 1 minute; 2 - Anneal (attach) primer 45 - 72 °C for ~ 
1minute; 3 - Extend sequence at 72 °C for 1 - 4 minutes (Wikipedia, accessed 2007). 
 
2.9.1 Analytical Technique Used 
 
For the analysis of the Icelandic microorganisms the following procedure was used.  
Cycling conditions for 21F-1391R: preheat at 95 °C for 5 minutes; 30 cycles at 95 °C 
for 30 seconds, 55 °C for 30 seconds, and 72 °C for 1.5 minutes; extension at 72 °C 
for 15 minutes.  Cycling conditions for 27F-1492R: preheat at 95 °C for 5 minutes, 35 
cycles at 95 °C for 1 minute, 52 °C for 1 minute, 72 °C for 1 minute; extension at 72 
°C for 5 minutes.  The reaction mixtures included (per 20 l reaction) 1.8 l 25 mM 
MgCl2, 0.2 µl dNTP mix (25 mM each dATP, dGTP, dTTP and dCTP; Bioline), 0.25 
µl 5U/µl AmpliTaq Gold (applied Biosystems), 2.0 µl 10X AmpliTaq Gold reaction 
buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl), 5 pmol/µl primer (IDT), and 13.75 
µl ddH2O. 
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The PCR products were purified using a QIAquick kit (QIAGEN, catalog #28104), 
and were subsequently cloned into E. coli hosts using the QIAGEN PCR Cloning Plus 
kit (catalog #231222).  Plasmid DNA was purified on an AutoGen Prep 965 
automated system, and 48 clones were chosen for sequencing per sample using 
standard M13 primers at Polymorphic DNA Technologies (Alameda, CA).  
Sequences were edited with CodonCode Aligner (CodonCode Corporation, Dedham, 
MA), and compared to other 16S rRNA sequences deposited in GenBank via the 
BLAST (Basic Local Alignment Search Tool) feature on the NCBI (National Center 
for Biotechnology Information) webpage (Altschul et al., 1997).  Alignments of 
approximately 1200 - 1400 nucleotide bases were performed in the software BioEdit 
(v 5.0.9; http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and were manually adjusted 
using the predicted secondary structure of the molecule as a template.  Chimeric 
analyses were largely performed by careful alignment comparisons, but the 
ChimeraCheck (http://rdp.cme.msu.edu/misc/about.jsp, Cole et al., 2003) and 
Bellerophon (http://foo.maths.uq.edu.au/%7Ehuber/bellerophon.pl, Huber et al., 
2004) software were also used as guidelines.  Phylogenetic analyses using neighbour 
joining (NJ), Maximum Parsimony (MP), and Maximum Likelihood (ML) were 
preformed as previously reported (Meyer-Dombard et al., 2005). 
 
2.10 Conclusion 
 
Astrobiology, as a highly multi-disciplinary science, often requires a wide range of 
analytical techniques to be employed in comparisons to other fields in planetary 
science.  In this study techniques focused on the use of infrared spectroscopy since 
these could be used to characterise both inorganic and organic components which are 
equally important in the identification of microbial biomarkers.  Despite its flexibility 
IR spectroscopy has limitations since it is essentially a molecular probe and is not 
always compound specific, in particular for organic molecules. More involved 
characterisation techniques such as GCMS are, therefore, valuable in supporting IR 
analyses on selected samples. 
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SILICA SINTERS 
 
3.1 Introduction 
 
On Earth siliceous deposits, known as silica sinters, are common surface expressions 
of underlying geothermal systems.  Silica sinters record the hydrological conditions 
that prevailed at the time of their formation, the nature of geothermal fluids and 
preserve microfossils that record the extremophilic populations present in such 
habitats.  Silica sinters are also an important exploration guide to locating and 
interpreting geothermal systems, whose surface activity has changed, declined or is 
now extinct.  The preservation of microbes within silica sinters along with their long-
term survival make sinters a means of investigating the past geothermal activity on 
Mars and may record Martian organisms.  Given that the youngest estimates of 
Martian volcanic features are only 2 Ma (Neukum et al., 2004) there remains the 
possibility that Mars is magmatically active.  Hydrothermal systems and associated 
sinters may, therefore, remain habitats for extant life on Mars. 
 
3.1.1 Petrology 
 
Silica sinter is predominantly composed of non-crystalline opal-A which is 
precipitated by thermal fluids as they discharge and cool and at the surface.  Opal-A 
consists of aggregated spheres of amorphous silica with water filling the gaps in-
between.  The opal-A in sinters is mainly deposited by near-neutral alkali-chloride 
waters derived from reservoirs with temperatures > 175 °C (Fournier and Rowe, 
1966).  Sinters, however, can contain appreciable amounts of paracrystalline (not 
completely amorphous, not completely crystalline) opal-CT and/or opal-C and 
microcrystalline quartz (e.g. White et al., 1988).  Opal-CT and opal-C are a variety of 
opal that consist of < 300 nm sized blades of cristobalite and/or tridymite together 
with water.  Silica sinters are texturally complex (e.g. Braunstein and Lowe, 1996; 
Cady and Farmer, 1996; Jones et al., 1998; Renaut et al., 1999; Herdianita et al., 
72 
Chapter 3: Silica Sinters 
2000a; Renaut and Jones, 2000; Guidry and Chafetz, 2003a; Jones and Renaut, 2004) 
with features such as laminations, ripple and comb structures, dendritic habits, 
palisade fabrics, and geyserite, observed at macroscale and microscopic levels 
(Herdianita et al., 2000a).  The sinters can contain casts of leaves or twigs, pollen 
grains, and silicified microorganisms plus detrital materials such as lithoclasts and 
mineral fragments. 
 
Hydrothermal systems have been suggested as suitable environments for the 
appearance of life on the Early Earth (Russell and Hall, 1997).  The deposits found in 
these systems provide evidence for some of the earliest terrestrial organisms since 
these can be rapidly mineralised and, therefore, are preserved in the geological record 
(Cady and Farmer, 1996).  Finding and recognising this organic component in ancient 
rocks is a challenge (Kerr, 2000).  Phase transitions from opal-A, which replaces 
organic matter, to quartz over time involves water loss, repeated solution-
precipitation, replacement, and recrystallisation (Herdianita et al., 2000a).  There is a 
high probability that many original fabrics will be destroyed, rendering the 
identification of silicified microbes uncertain.  A technique is, therefore, required to 
identify these hydrothermal deposits and the remains of microorganisms within them 
when the fossil microorganisms themselves may have been lost. 
 
3.1.2 Identification on Mars 
 
A number of recent observations on Mars suggest that hydrothermal processes have 
operated within the Martian crust.  Hydrous mineral assemblages (Gooding, 1992), 
the D/H ratios of water extracted from SNC meteorites (Watson et al., 1994), the 
presence of carbonates (Bandfield et al., 2003) and iron oxide-rich spectral units 
(Christensen et al., 2001) may have been created by hydrothermal activity.  
Geomorphic evidence for past or present hydrothermal activity on Mars is discussed 
in Chapter 1, section 1.3.3.  It is observed in the form of channel systems along 
impact crater margins (Brakenridge et al., 1985, Newsom, 1980), table mountain-like 
structures caused by lava eruptions under ice (Allen, 1979), Moberg ridges formed by 
fissure eruptions under ice (Squyres et al., 1987), and valley networks on volcano 
flanks (Gulick and Baker, 1990).  Outflow channels that formed by discharges of 
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subsurface water are potentially due to hydrothermal convection driving aquifer 
recharge  
 
(Squyres and Kasting, 1994).  However, they may also be formed by catastrophic 
release of water from lakes (Carr, 1996).  Silica sinters are, therefore, likely to be 
present on Mars and would provide evidence by which the geothermal activity of the 
Martian crust could be traced (Walter and Des Marais, 1993).  They may also be the 
most likely places to find evidence for Martian microorganisms, should they exist.  
Techniques are needed to remotely identify and characterise which deposits are highly 
applicable to the search for life on Mars. 
 
Geomorphic features provide targets for remote sensing techniques which are used to 
study the abundances of specific elements, and the mineralogy and degrees of 
crystallinity from the outermost layers of a planetary surface.   Spectroscopy, as x-ray 
and gamma-ray, reflectance spectra, and thermal emission spectra (TES), can provide 
this diagnostic compositional and mineralogical information.  Initial TES results have 
been used to study global surface compositions (Bandfield et al., 2000a), the polar 
caps (e.g. Kieffer et al., 2000, Kieffer and Titus, 2001) and atmosphere (Christensen 
et al., 1998; Conrath et al., 2000; Smith et al., 2000a, b; Clancy et al., 2000; Pearl et 
al., 2001; Bandfield et al., 2000; Bandfield et al., 2000) of Mars across wavelengths 
of 3.0 - 28.0 µm.  On the surface, the mini-TES (Christensen et al., 2003) onboard the 
Mars Exploration Rovers has also made numerous discoveries discussed later, proving 
the value of infrared spectral studies in mineralogical identification. 
 
3.1.3 Terrestrial Analogues 
 
Given the evidence for magma/water interactions on Mars, silica sinters are plausible 
terrestrial analogues for Martian hydrothermal deposits and are capable of providing 
information about microbial preservation and hydrogeological conditions on Mars.  In 
this study two field areas were chosen.  
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3.1.3.1 New Zealand 
 
Lake Ngakoro on the North Island, New Zealand is located above a subduction zone 
within the 300 km long Taupo Volcanic Zone (TVZ) (Hunt et al., 1994 and Chapter 1, 
Section 1.4.1).  The southeastern margin is defined by a lineation of volcanoes (White 
Island down to Mount Ruapehu) and the thinning of volcaniclastic rocks, however, 
the northwestern margin is not so clearly defined but is taken as the western limit of 
volcanic activity < 2 Ma old (Wilson et al., 1995) (Figure 3.1a).  The TVZ is 
characterised by extremely active volcanism with > 90 % of the Late Pliocene to 
Quarternary volcanism recorded in New Zealand occurring in this area (Wilson et al., 
1995; Hochstein, 1995).  The central part of the TVZ is dominated by rhyolite 
magmas erupted at an average rate of 0.3 m3 s-1 over the last 0.3 Ma.  This area, 
therefore, is one of the most active rhyolitic systems on the Earth (Wilson et al., 
1995).  Caldera-forming rhyolitic eruptions typify the area and are the source for 
numerous ignimbrite flows that are found to dominate the surface geology. 
 
Associated with the active volcanism are more than 20 active geothermal fields that 
together discharge > 4000 MW of heat (Bibby et al., 1995).  The average heat flow 
through the region is about 700 mW m-2.  There has been much debate over the 
processes that control the large-scale caldera volcanism and the smaller-scale 
geothermal heat sources beneath the TVZ (e.g. Wilson et al., 1995).  Caldera 
eruptions require accumulation of magma prior to an eruptive event at shallow depths.  
The magnitudes of the geothermal heat output observed also suggest a magmatic heat 
source at relatively shallow depths, however, this has not yet been proven.  A 
conceptual model proposed by Hunt and Bibby (1992) describes meteoric water 
percolating down from the surface to 5 – 10 km where it interacts with and is heated 
by a magma body.  It then rises as a plume due to buoyancy through pores and 
fractures in the rock.  Speculation also exists that shallow geothermal systems are not 
derived directly from individual heat sources but meteoritc water is heated by a layer 
of hot brine at 5 – 10 km derived from deeper magma bodies.  Ogawa et al (1999) 
presented magnetotelluric data that indicated high conductivity bodies, consistent with 
connected melts or fluids, at 10 – 15 km depths in the central TVZ.  Bannister et al 
(2004) used low S-wave velocities to identify high-level bodies of partial melt in the 
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mid-crust, >10 km depth near the Rotorua and Reporoa calderas, which would be 
associated with volcanism. 
 
Geysers and hot springs are well known in the TVZ and occur where geothermal 
water, rising along a zone of weakness, has rapid access to the surface resulting in 
rapid free discharge of hot water.  Due to chemical interactions with host rocks on its 
way towards the surface, the discharged water composition varies considerably from 
surface water.  Most hot springs lose heat to the atmosphere and surrounding rock at 
the same rate as heat enters from below, so surface discharge temperature is hot, but 
not boiling.  Geysers, such as Pohutu at Whakarewarewa, have narrow vent openings 
to a large reservoir beneath which reduces surface heat loss from the system causing 
water in the reservoir to reaching boiling point (Houghton and Scott, 2002).  A 
mixture of steam and water is then violently ejected.  Mud pools and fumaroles are 
found in many locations along the TVZ, especially at Waiotapu.  As the geothermal 
water reaches close to the surface, it can be trapped by a shallow non-porous layer.  
The trapped water may boil at depth and steam and gas may react with surface water 
and soil to form a mud pool.  The pools consist of a mixture of rainwater and mud 
produced by reaction of the parent rock with acidic fumes (Houghton and Scott, 
2002).  Fumaroles are vents discharging steam and gases, but not liquid water and 
occur where temperatures are close to the boiling point. 
 
The largest and most intense regions of thermal activity within the TVZ consists of 
five adjacent geothermal fields located mainly in the central, rhyolitic part of the zone 
between Rotorua and Taupo (Figure 3.1b), and distributed about 10 - 15 km apart 
(Hunt et al., 1994).  The positions of the geothermal fields do not appear to have 
varied for at least the last 200,000 years (Bibby et al., 1995).  This reinforces a model 
of large-scale convection occurring throughout the TVZ, in which the geothermal 
fields represent the upper portions of rising, high-temperature, convective plumes. 
The majority of the recharge to the convection system is provided by the downward 
movement of cold meteoric water between the fields (Bibby et al., 1995) 
 
Waiotapu (Figure 3.1c,d) is located south of the Okataina Volcanic Centre, but any 
relation to recent volcanism is uncertain (Wood, 1994; Nairn, 2002).  It has the largest 
area of thermal activity (18 km2 and 540 MW) of any system in the TVZ (Giggenbach 
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et al., 1994).  Carbon-14 dates at Waiotapu indicate that some of the hydrothermal 
eruptions occurred 900 years ago (Lloyd, 1959; Hedenquist and Henley, 1985).  The 
thermal activity extends from steaming ground at 500 m elevation on the flanks of the 
dacite volcanoes, into the Waiotapu basin and is bounded by the rhyolite dome Trig-
8566 in the west.  Hot springs at the southern extent of the field lie at an elevation of 
335 m.  The surface thermal activity comprises mostly boiling, near neutral pH alkali 
chloride springs and acid sulphate mud pools.  At higher elevations only fumaroles 
occur (Hedenquist, 1983a).  In the north of the field acid sulphate features are 
dominant whilst alkali chloride springs are common to the south (Hedenquist, 1983a).  
Over time these have formed features such as Primrose Terrace, a large sinter apron 
fed by several small acidic hot springs and the outflow from the eastern edge of 
Champagne Pool in the form of shallow (< 2 cm) sheets (Lloyd, 1959; Jones et al., 
1999). 
 
Living and extinct microbial communities are found at Waiotapu, the former thriving 
in the thermal fluids flowing from vents and over older sinter deposits, while the latter 
occur in now dry emergent layers, together with possible secondary endolithic 
communties.  Small (< 10 cm) samples from subfossil emergent sinters with and 
without green biofilms were collected 1 m above the lip of the waterfall flowing into 
Lake Ngakoro (GPS coordinates: 38° 21'47.06" S, 176° 22'07.46" E) and placed in 
fabric sample bags.  These samples sit above an unnamed acidic (pH 2.6) hot (40-41 
°C) stream flowing over a 5 m high waterfall (Figure 3.1d and Figure 3.2a) into the 
lake (Jones et al., 2000).  The stream is full of yellow-grey sediments, silica and 
sulphur grains and fungal hyphae.  Lake Ngakoro formed after an eruption > 700 
years ago and is still thermally active (Figure 3.2a).  It covers 120 km2 and receives 
water that has flowed across Frying Pan Flat from the direction of the Champagne 
Pool in the north and Lake Whangi-o-terangi in the east (Figure 3.2b).   
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Figure 3.1 a. The Taupo Volcanic Zone (TVZ), North Island, New Zealand. b The Waiotapu 
geothermal field area is located on the eastern margin of the TVZ (adapted from Hunt et al., 1994). c. 
Google Earth image of Waiotapu. d. Google Earth image of the Ngakoro waterfall. 
 
The siliceous deposits at the edge of Lake Ngakoro are a product of silica deposition 
from fluids that have travelled southwards across Waiotapu.  Fragments of volcanic 
country rock and older sinter dislodged during the eruption that formed Lake Ngakoro 
and silica precipitated directly from the hot springs also make up the deposits.  The 
ten samples collected will have components derived from different areas of the 
geothermal field and from the subsurface, providing information on different 
conditions throughout the field.   
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Figure 3.2 a Photograph of the 5 m high waterfall flowing over layers of silica sinter into the southern 
end of Lake Ngakoro. b Not-to-scale sketch map of the Waiotapu area and the flow paths of the 
geothermal fluids relevant to deposits analysed from Lake Ngakoro. 
 
Hedenquist and Browne (1989) and Hedenquist (1991), deduced the subsurface 
hydrology of the Waiotapu area from drill hole data and spring chemistry.  The 
geothermal system is hosted by silicic rocks through which deep fluids ascend along 
temperature and pressure gradients, some close to boiling point in the vicinity of 
Champagne Pool.  The present fluids discharged from Waiotapu wells define a simple 
mixing trend between the high temperature, 230 °C, chloride fluid derived mainly 
from a shallow, ~ 400 m deep, reservoir which has boiled during its ascent from 
temperatures > 300 °C, at depths of ≤ 500 m, and a steam heated water of about 160 
°C.  The steam heated water has formed at shallow levels on the margins of the 
system due to condensation of steam and CO2 gas into groundwater evolved from the 
deep boiling chloride fluid (Hedenquist and Browne, 1989).   
 
The neutral pH springs observed are saturated in respect to amorphous silica and 
deposit aprons of silica sinter.  The neutral fluids are derived from deep fluids after 
boiling and/or dilution, however, the acid sulphate springs originate from steam 
heating of groundwater (e.g Henley and Ellis, 1983).  The steam is created when the 
deep seated water boils and carries with it CO2, H2S and other gases fractionated from 
the hotter liquid.  The H2S then oxidises to sulphate once it reaches the vadose zone.  
The acidity that results then dissolves the volcanic glass of surficial ash beds, and 
forms mud pools with kaolin.  Advance argillic alteration is found at the surface 
where cristobalite, alunite and native sulphur are locally associated (Hedenquist and 
Browne, 1989).  Some of the deep chloride fluid rises through the intermittently 
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distributed acid sulphate water, mixes to form an acid sulphate-chloride fluid forming 
acid alteration and local deposition of metals (Hedenquist, 1986a).   
 
Deep alteration recorded by Browne (1978) and Giggenbach (1984) reflects a 
continuing evolution of the fluid at Waiotapu as it cools and reacts with the silicic 
host rocks however it has not reached a fluid-dominated steady state or full 
equilibrium.  The geothermal system has evolved along two paths to its present state: 
the first being the usual path of hot and CO2-bearing fluids flowing through silicic 
host rocks, boiling and cooling during their ascent (Giggenbach, 1984).  The second 
recent effect was due to the development of the near surface hybrid water formed by 
steam and gas condensing into groundwater.  Incursions of these marginal waters into 
the system have sharply shifted the mineral assemblages to those that are stable at a 
lower pH.  This style of system collapse is probably common in the evolution of the 
upper portion of a hydrothermal system in regions of low hydraulic gradient.   
 
3.1.3.2 Iceland 
 
Iceland lies over a hot, upwelling mantle plume and the Mid-Atlantic Ridge (MAR) 
(Figure 3.3a).  The North American and Eurasian plates are moving apart at 1 – 2 
cm/yr creating extensive volcanism, fissure eruptions and earthquakes (Thordarson 
and Hoskuldsson, 2002).  This volcanism has associated geothermal activity, which 
has been categorised into high and low temperature fields based on deep well 
temperatures and silicic geothermometry (Geptner et al., 2005).  Groundwater 
percolates through cracks and voids in the top 1 - 2 km of the crust and is heated 
quickly to > 70 °C as temperature increases sharply with depth (50 - 200 °C per km) 
in Iceland (Thordarson and Hoskuldsson, 2002).  There are 250 low-temperature 
fields, 20 high-temperature fields and 600 – 700 hot springs in the region.  The low-
temperature zones have subsurface temperatures of ~ 150 °C and the high-temperature 
areas have 340 – 380 °C, both at 2000 m depth (Bodvarsson, 1960, 1961). 
 
The high-temperature fields are localised within the present day rift zones.  The 40 - 
50 km wide rift zones (Reykjanes, Western, Eastern and Northern Rift Zones) 
comprise en echelon arrays of volcanic fissure swarms (Thordarson and Hoskuldsson, 
2002).  The swarms are 5 - 15 km wide and up to 200 km in length.  Over time they 
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develop a volcanic centre which will often evolve into central volcanoes with high-
temperature geothermal systems.  Each fissure swarm, with or without a central 
volcano, constitutes a volcanic system.  In the non-rifting volcanic flank zones 
(Snæfellsnes, Eastern and Southern Flank Zones) most of the volcanic centres lack 
well-developed fissure swarms and have low-temperature geothermal activity 
(Thordarson and Hoskuldsson, 2002).   
 
Haukadalur is located on the eastern margin of the Western Volcanic Zone.  The 
Great Geysir area is one of the smallest geothermal areas in Iceland, covering only 3 
km2 (Figure 3.3b,c).  It has been dated by Barth (1950), using a volcanic ash layer, as 
forming during the 1294 AD eruption of Hekla, however, Thorarinsson (1949a) dated 
the volcanic ash bed and sinter deposit below as ca 2500 and 5000 years old 
respectively.  The subsurface temperature at Geysir is ~240 °C at depths greater than 
1 km, with hot springs emitting water at or near boiling point.  Geothermal features 
found here include geysers, hot springs, mud pools and fumaroles, which emit water 
through layers of older silica sinter which are found mixed with volcanic ash.   
 
Strokkur is a geyser located 100 m south of the Great Geysir (GPS coordinates: 64° 
17'63.60" N, 20° 22'43.16" W) (Figure 3.4).  Samples here were collected from three 
hot spring areas within the Strokkur system, at different stages of formation.  Fifteen 
samples < 10 cm in size were collected 100 m north-west of the main vent from an 
extinct oxidised sinter apron formed from the discharge of Strokkur with interbeds of 
ancient soils stained red by chemical weathering during the Tertiary (Thordarson and 
Hoskuldsson, 2002).  The samples were extremely fragile, mainly white silica with 
coatings of red oxidation products.  Silicified vegetation, mineral clasts and ribbons of 
crystalline silica run through the samples.  Plant fossils are commonly found and can 
include leaf imprints, fruit, seeds, pollen grains and tree moulds (Thordarson and 
Hoskuldsson, 2002).   
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Figure 3.3 a. Map of Iceland with the hot spot circle partly over Vatnajökull, the active volcanic zones 
are shown and the location of Strokkur. b. Google Earth Image of the area around Strokkur. c. Strokkur 
area map and sampling sites (adapted from Jones and Renaut, 2007). 
 
Samples of geyserite, a term used to describe siliceous sinter precipitating within or 
adjacent to thermal springs (e.g. White et al., 1964), were collected from within a 2 m 
diameter boiling hot spring during 5 second periods of inactivity.  Samples were also 
obtained, 50 m north of the extinct apron deposit and downstream of the small hot 
spring, of actively forming silica terraces which were repetitively exposed to the 
atmosphere and the outflow of the spring.  These were characterised by green 
microbial communities at the air/water interface.  The deposits are products of 
geothermal systems whose fluids have travelled through basaltic rocks and have 
therefore, formed differently to those at Waiotapu, New Zealand.  Samples will have 
also undergone extensive weathering and alteration.   
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Figure 3.4 Icelandic sampling sites. a. The vent of Strokkur has a 10 cm high ridge of ochre geyserite, 
whilst outwards there are older silica terraces dipping towards the vent surrounded by laminated dark 
brown deposits, assumed to be the oldest deposits.  Outlet channels contain fragments from all three 
regions. b. The red oxidised sinter apron, 100 m NW of Strokkur. c. A small highly active hot spring 
with spicular geyserite forming around the vent and green microbial mats forming at the air/water 
interface. d. Sample of silica terrace with the green microbial mats visible at and just under the surface.  
Scale bar = 5 cm. 
 
3.2 Aim 
 
The first stage of this research involves a combined mineralogical, textural and 
Fourier Transform Infra-Red (FTIR) spectroscopy study of terrestrial silica sinters 
from Waiotapu, New Zealand and Haukadalur, Iceland to evaluate FTIR techniques in 
the remote characterisation of silica sinters.  The second stage involves the 
identification of microbial communities within the silica sinters using SEM and FTIR 
techniques to assess biomarkers that could be identified on Mars. 
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3.3 Materials and Methods 
 
3.3.1 Materials 
 
This study is based on the analysis of ten samples of silica sinter collected from 
around Lake Ngakoro, Waiotapu, New Zealand and fifteen samples from the area 
around Strokkur Geyser, Haukadalur, Iceland (Figure 3.5).  Geothermal activity, that 
gives rise to the silica deposits, in both these localities is related to active volcanism, 
however, in very different tectonic regimes. 
 
 
Figure 3.5 a. A hand specimen of fossil silica sinter from Lake Ngakoro containing a green layer of 
probable endolithic origin. b. Fossilised layered silica sinter at Strokkur, Iceland. c. Geyserite. d. Silica 
sinter with sulphur crystal coating. Scale bars = 5 cm. 
 
Samples were prepared as polished grain mounts for characterisation of textures and 
mineralogy by scanning electron microscopy and as powders for FTIR and X-ray 
diffraction.  Silica sinter samples are porous and very fragile.  Grain mounts are 
prepared by embedding < 1 cm sized fragments in UV-activated resin and polishing 
with 0.3 µm Al2O3 abrasive and deionised water.  Fragments were ground into a < 25 
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µm powder using an agate pestle and mortar and < 1 cm sized crystals were also 
examined 
 
3.3.2 Optical Petrology 
 
The mineralogy and biota of the silica sinters were determined using optical 
microscopy of uncovered, unpolished thin sections.  The thin sections were produced 
to a thickness of 30 μm, with deionised water placed on top with a cover slip for 
viewing at different depths into the chert. 
 
3.3.3 Electron Microscopy 
 
All grain mount samples were carbon coated prior to scanning electron microscopy 
(SEM).  Energy dispersive spectroscopy (EDS) analyses were obtained using the 
JEOL5900LV electron microscope at an accelerating voltage of 20 kV and a beam 
current of 20 nA.  Analyses were preformed against cobalt standards and matrix 
corrections were applied.  Analytical uncertainties are estimated at ~0.5 wt% for most 
elements.  Standard JEOL atomic number, absorption and fluorescence (ZAF) 
corrections were applied.  When possible, matrix overlap with surrounding phases 
was evaluated using stoichiometry however analyses of phases smaller than 5 µm are 
likely to include matrix effects and are therefore semi-qualitative.  Analyses of porous 
multi-phase aggregates, such as matrix, are assumed to be representative however, as 
errors will have occurred due to the presence of pore spaces.  Complications arise due 
to porosity and vesicles since void spaces decrease the intensity of emitted X-rays 
below that of a continuous solid of the same composition and mineralogy and result in 
low analytical totals (Genge, 2006). 
 
3.3.4 Infra-Red Spectroscopy 
 
Mid-infrared reflectance analysis was performed using a Perkin Elmer Spectrum One 
spectrometer with a Perkin Elmer AutoIMAGE FT-IR Microscope attached.  
Reflectance measurements were taken over the spectral range of 4000 – 700 cm-1 (2.5 
to 14.3 µm), at 2 cm-1 spectral sampling, using an aperture size of 50 * 50 µm 
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allowing 240 scans over a period of 4 minutes.  This band region was chosen to 
include the important vibrational modes of many silicate minerals.  A gold calibration 
standard (Figure 3.6a) was measured under the same settings and a known quartz 
section was measured to check machine accuracy (Figure 3.6b).  Illumination of the 
samples was between 35 and 47 %.  Powdered samples were pressed onto an 
aluminium dish.  Samples BM31044; BM1948,230; BM1948,231; BM33566 of opal-
A, cristobalite, tridymite and opal-CT respectively, were analysed as reference 
samples.  These samples were donated by the Natural History Museum and are 
derived from the Czech Republic or are synthetic powders. 
 
 
Figure 3.6 Standards used for FTIR background analysis. a. Gold. b. Quartz wedge. 
 
3.3.5 X-ray Powder Diffraction 
 
The powdered sinter samples were analysed using X-ray Powder Diffraction (XRPD) 
techniques.  This technique requires powdering of the samples and is therefore 
destructive but is easily reproducible.  A uniform grain size, in this case < 25 µm, is 
paramount to provide a smooth surface for analysis.  Large powdered samples were 
used to better obtain a modal mineralogy and were packed into 180 mm3 aluminium 
wells.  XRPD data were collected using Cu Kα1 radiation on an INEL curved position 
sensitive detector (PSD) with an output consisting of 4096 channels (each 0.03 °2θ 
wide) representing a total arc of about 120 °2θ, enabling diffraction patterns to be 
collected simultaneously at all angles.  A randomised diffraction pattern was obtained 
by rotating the sample during data collection.  Silicon and Ag-behenate were used as 
external standards for the 2θ calibration of the detector.  The 2θ linearization was 
performed with GUFI software.  For a review of XRD techniques see Cressey and 
Schofield (1996). 
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3.3.6 GCMS 
 
Powders were also analysed using Gas Chromatography Mass Spectrometry (GCMS).  
This technique is extensively used for characterising extractable organic molecules 
(lipids) within samples.  Each powdered sample was weighed to 1.0 g then 
ultrasonically extracted three times in solution with 10 ml dichloromethane/methanol, 
97:3 v/v.  Compound detection of the  hydrocarbons was performed with an Agilent 
Technologies 6890 GC coupled to an Agilent Technologies 5973 quadruple mass 
selective detector (MSD) using a HP-ULTRA-2 fused-silica capillary column (50 m × 
0.20 mm i.d. coated with 0.11 μm cross-linked 5 % -diphenyl– 95 % -dimethyl 
siloxane as stationary phase) and helium as carrier gas.  The samples were 
autoinjected using a splitless injector at 280 °C.  The column was heated from 50 °C 
to 300 °C at 5 °C/min followed by an isothermal period of 10 min. The MSD was 
operated in the electron impact mode at 70 eV, source temperature of 250 °C, 
emission current of 1 mA and multiple-ion detection with a mass range from 50 to 
550 amu.  Compound identifications are based on comparison of GC retention time, 
mass spectrometric fragmentation patterns and with the literature. 
 
3.4 Results 
 
3.4.1 Petrology and Biota 
  
3.4.1.1 Waiotapu Silica Sinter 
 
The samples of subfossil silica sinter, where complete fossilisation of microorganisms 
and/or lithification of the deposit are not yet complete, are white/grey in colour with a 
clay-like texture and chalky residue, containing visible crystals and particles in a 
featureless matrix.  Fragments taken from the surface of the deposit include a < 2 mm 
thick green biofilm of possible endolithic or fossil vent fauna origin.  The emergent 
deposit is not connected to the outflow stream and is predominantly dry, except for 
occasional windblown spray from nearby hot springs and rainwater.  White sub-mm 
veins are also seen in the samples, sometimes with green biofilms coating them. 
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Observations using SEM and EDS techniques identify the silica sinter as a 
predominantly fine-grained porous aggregate of SiO2 (silica) (Figure 3.7a).  As SEM 
images show, this material is different in appearance to that of typical quartz grains 
identified within the samples, see below for detailed analysis of the SiO2 species 
found.  Pores include sub-micron inter-fibre spaces within the fine-grained matrix to 
larger (> 100 µm) irregular voids resulting in a variable porosity (< 10 % - > 50 %).  
The silica matrix is largely structureless and lacks observable laminations and 
stromatolitic fabrics observed in macroscopic specimens and in other components in 
sinter studied at Waiotapu (e.g Jones et al., 2000).  A minor booklet texture < 3 µm 
wide is observed within small areas of the matrix which based on morphology and 
expected minerals found in sinters in the area (e.g. Jones et al., 2000) this is 
tentatively identified as kaolinite 
 
A variety of irregular clasts < 21 µm – 1.5 mm in size are present within the host 
sinter and comprise ~ 50 vol% of the samples (Figure 3.7b).  Crystal and/or particle 
clasts are the most abundant and are dominated by irregular silica-rich grains 
identified by EDS, sometimes showing concentric zoning (Figure 3.7c), with 
subordinate lithic clasts of partially altered vesicular potassic feldspathic glass (Figure 
3.7d) and minor sulphur clasts partially covered in silica.  These glass shards are 
banded and exhibit preferential dissolution of certain bands and deposition of silica.  
The bands are between 10 and 15 µm in diameter and are located extending out 
perpendicular to fractures with botryoidal linings.  These shards are probably derived 
from the local volcanic bedrock.  Rare zircon grains are also present in the matrix. 
 
Highly porous (> 70 vol% pores) botryoidal threadworks of silica are also observed 
within the matrix (Figure 3.8a), comprising of sub-parallel, sometimes interlinked 
sheets (< 3 µm thick).   Botryoidal overgrowths of silica occur on only one side of 
these silica sheets although > 30 % have botryoidal growths enclosed between two 
sub-parallel sheets.  Overall the silica sheets in threadwork areas exhibit a general 
preferred orientation, however, isolated sheets, outside the threadwork region, are 
randomly orientated.  Connected sheets often enclose interstitial areas of porous 
matrix with crystal clasts, and lenticular voids.  The largest pores in threadwork areas 
occur within the matrix and are elongated along the preferred orientation of the sheets 
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and have ellipsoidal shapes.  In places these ellipsoidal pores are coated with inwards 
facing botryoids. 
 
 
Figure 3.7 Components of the Ngakoro silica sinter. a. Photographic image of one of the silica sinter 
deposits with a green microbial layer indicated. b. BSE image of a fragment of sinter from the surface 
of the deposit.  The sinter is composed of four distinct areas that can affect analyses.  ML = microbial 
layer, PC = particle clast, M = matrix, LC = lithic clast. c. Concentric zoning and botryoidal dissolution 
patterns within silica-rich particles. d. Preferential dissolution bands within potassic feldspathic glass 
fragments. 
 
In a few localised areas, sinuous and angular layers of titanium oxide (< 2 µm in 
width) were observed coating the sides of sheets of silica and some threadworks 
(Figure 3.8b).  Ti-bearing oxides are also observed as isolated sub-rounded grains < 1 
micron in size, usually located on the margins of the silica sheets and sometimes 
within the matrix.  Analyses of the titanium oxides were conducted using EDS 
however the layers are smaller than the 5 µm spot size of the electron beam creating 
matrix overlap with the surrounding silica.  Low analytical totals were therefore 
obtained hindering a more qualitative analysis of mineral species.  
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Figure 3.8 a. Botryoidal threadwork pattern in localised areas within the silica matrix of the Ngakoro 
sinter samples.  Silica-rich grains of high BSE potential are seen undergoing dissolution around the 
edges in a spherical pattern. b. Titanium oxide precipitation within a threadwork, attaching to the silica 
surface. 
 
The green biofilm varies between 200 µm and 1 mm thick along the length of the 
samples, < 1 mm below the surface.  Matrix material as seen throughout the rest of the 
samples is not visible in this area but is replaced by a distinctive red/orange ferric 
oxide coating, identified through EDS in the subsurface.  Elliptical voids and silicified 
whole filamentous microorganisms, ranging in size from 1.5 to 3 µm, imprints and 
remains of pollen spores, < 50 µm in diameter and even a partial, unsilicified diatom 
(Figure 3.9) were observed through SEM images.  No threadwork patterns are 
identified in this area.  The identification of silicified microbes is commonly difficult 
due to destruction and/or concealment of features needed for their determination (e.g. 
Jones et al., 1999).  Fungi are adapted to environments that are hostile to bacteria (e.g. 
Tortora et al., 1997; Madigan et al., 1997) and are more acid resistant (Brock and 
Brock, 1970; Madigan et al., 1997) and so can be more readily identified. 
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Figure 3.9 Organics within the Ngakoro silica sinters, observed via BSE. a. Pollen spores and imprints 
of past spores within the green layers of the samples. b. A silicified microbial filament next to a pollen 
spore. c. Another less silicified microbial filament. d. A single partial diatom was observed attached to 
a thread of silica at the edge of the matrix.  Diatoms are common elements of stromatolitic biotas 
within silica sinter deposits in the TVZ and are found in freshwater. 
 
At pH values < 5 the biota is commonly dominated by fungi (Brock and Brock, 1970) 
therefore the acidic nature of the outflow stream leading to Lake Ngakoro, and that 
involved in the formation of the silica sinters sampled, may be a more viable 
environment for microorganisms with an affinity to fungi to thrive.  Fungal spores 
have been identified within optical images of the silica sinters (Figure 3.10).  In New 
Zealand, hot spring systems with acidic waters are dominated by fungi such as 
Aspergillus and Penicillium (Jones et al., 1999).  Exact taxonomic determinations are 
not available for the Lake Ngakoro samples due to the high levels of silicification of 
the filaments, so the general term of ‘filamentous microorganisms’ will be used 
hereafter to avoid misidentification. 
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Figure 3.10 An optical light image viewed in plane polarised light of a section through one of the New 
Zealand sinter samples.  Brown, circular spores, < 50 μm in size, are visible, partially filled with silica, 
of probable fungal origin. Scale bar = 50 μm. 
 
3.4.1.2 Strokkur Silica Sinter 
 
The samples from the area around Strokkur are from different areas of a hot spring 
system, (a) an extinct sinter apron, (b) an actively forming terrace, (c) partly 
submerged and actively forming geyserite.  All samples contain a fine-grained, silica 
matrix with variable porosity and a variety of lithic clasts.  Laminations are also 
observed within the samples as opposed to the subfossil sinter from Lake Ngakoro, at 
sub micron to cm scales. 
 
SEM observations show the extinct sinter apron samples to have a wide range of 
porosities (Figure 3.11a) < 10 % to > 50 %.  There is a ‘sponge-like’ texture with non-
uniform distributions of detrital fragments, silicified vegetation and discontinuous 
white silica and glassy laminations.  The matrix is composed of silica and volcanic 
ash deposits that are red and highly oxidised with EDS analyses showing high Fe and 
O wt%.  Pore spaces are filled with oxidised sediment of probable sinter and volcanic 
origins.  Sub-angular clasts are randomly distributed throughout the older sinter 
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samples, and are similar to the clast morphologies observed in the outflow streams of 
geysers and mud pools in the area.  Fine-grained cement with wavy laminations and 
silica-rich microspheres was observed in SEM images (e.g. Figure 3.11a,c).  
Microfossils occur as circular to oval cavities within the high porosity areas a few 
millimetres below the surface with fairly consistent diameters ~ 11.4 µm ± 2 µm. 
 
The terrace samples (Figure 3.11b), formed beneath the outflow channel fluids of the 
small boiling hot spring have a smooth surface in hand specimen and contain remains 
of green biofilms coating the edges at the air/water interface.  The samples consist of 
sub-angular clasts upon which silica was laid down, providing a base for the terrace 
deposit to form.  The main clast is 0.8 cm thick and 2.8 cm long, basaltic in 
composition with circular hematite grains and contains lath-shaped crystals < 10 - ~70 
µm in length and quench textures on a micron-scale.  A fracture running through the 
centre of the clast is partly filled with silica as well as hematite.  Cavities (~ 4 µm 
diameter) are observed as the textural remains of vertically aligned microorganisms. 
 
 
Figure 3.11 BSE images of the sinter samples from the Strokkur area, Iceland. a. Sinter apron samples 
have variable porosities throughout the deposits.  The amorphous silica matrix has medium porosities, 
the laminated layers have high porosity areas, and there is high porosity surface silica. b. The terrace 
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samples formed over an angular clast.  The amorphous silica covers the left side of the image (the 
air/water interface) and contains cavities left by filamentous microorganisms at the surface and 
irregular clasts. c. Geyserite samples contain laminations at the cm and micron scale with slight 
variations in BSE potentials.  Domes of the spicular types are seen at the surface and are composed of 
the same material as the matrix. d. Allochthonous material at the base of the geyserite samples.  
Remnants of microbial colonies are visible. 
 
The clast is coated by a < 10 - 20 µm thick layer of iron oxide, possibly hematite as 
indicated by EDS analysis, but is variable in composition due to contamination from 
the surrounding concentric layers of silica.  The silica layers are covered in 
allochthonous clusters of quartz, and iron oxide materials with low EDS analytical 
totals, as well as microfossils with intracellular silicification preserving the cell 
sheaths and walls (as seen by Konhauser et al., 2001).  Microfossils have diameters 
between about 2 and 5 µm and are in turn coated in surficial silica which was has not 
been cemented and has not preserved the entire cells and filaments.  It is highly 
porous and fragile and was therefore the last layer deposited before sampling.  Within 
this surface silica layer are filamentous microfossil cavities ranging in size from ~ 7 to 
~ 14 µm in diameter with both vertical and horizontal alignments relative to the 
surface of the deposit.  Degrees of preservation and intracellular silicification decrease 
into the deposit as do the sizes of the filaments observed. 
 
The geyserite samples from the edge of the vent around the boiling hot spring consist 
of a thick wedge of detrital material at the base, numerous laminae both light and dark 
in colour, and domical and columnar structures, up to a cm thick, at the surface of the 
deposit (Figure 3.11c).  The structures observed show no orientation related to flow.  
There are two layers of these columnar structures, indicating two main growth phases.  
Laminae appear to be deposited horizontally irrespective of the domical first growth 
phase beneath. 
 
The base of the geyserite samples consist of allochthonous material containing 
silicified vegetation, quartz grains, rutile and Na-rich feldspars as indicated by EDS 
analyses, and silicified remnants of a microbial colony.  The colony is identified by 
elliptical cavities with pore diameters < 5.6 µm ± 0.6 µm, that gives the sample a 
porous texture (Figure 3.11d).  Konhauser et al (2001) reported similar morphological 
microbial silicification in Icelandic hot springs.  At the bottom of this wedge there is 
an assumed conduit for fluids entering the deposit which would have allowed 
transportation of these detrital materials.  The allochthonous material is weakly 
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cemented by silica and is overlain by porous (~ 50 vol %) poorly laminated silica with 
cavities elongated along the faint laminations.  The contact is undulose but distinct 
against individual materials.  The main body of the sample consists of silica, finely 
laminated at the sub-micron to mm scale with slight colour variations between 
laminae.  Whether this is a grain size, porosity or compositional difference could not 
be determined.  Laminations are wavy and mimick the topography of the underlying 
substrates and some are more porous than others. 
 
3.4.2 Spectral (Mid-infrared and XRPD) Analysis 
 
The FTIR spectra of the Lake Ngakoro and Strokkur area silica sinter deposits are 
presented below.  The Ngakoro samples are made up of three mineralogically distinct 
components; the matrix, crystal clasts and lithic clasts; and also a green biofilm layer.  
Averaged spot analyses of the matrix produced smooth simple spectra with single 
reflectance peaks at ~1111 cm-1 (9.0 µm) with a minor shoulder and percentage 
reflectance values ranging from 70 to 100 (Figure 3.12a).  At wavenumbers between 
1600 and 1700 cm-1 there are smaller peaks that will be discussed below.  Crystal and 
lithic clasts were identified using EDS and FTIR as quartz (Figure 3.12b) with 
diagnostic twin reflectance peaks at 1106 and 1174 cm-1 (9.04 and 8.52 µm) (e.g. 
Wald and Salisbury, 1995) and as the single reflectance peak mineral ~ 1111 cm-1.  
The homogenised powdered sample of the sinter produced complex spectra with a 
main reflectance peak at ~ 1111 cm-1 but with other less reflective peaks at higher 
wavenumbers (Figure 3.12c).  Analyses taken in the green layer region of silicified 
filamentous microorganisms produced ‘noisy’ spectra with a main peak centred at 
~1111 cm-1 and distinct smaller peaks at higher wavenumbers (Figure 3.12d).  Spectra 
obtained from the UV-activated resin of the grain mounts and aluminium dishes 
confirm there is no spectral component of these materials within the spectra. 
 
Spectral analysis of the geyserite samples from the Strokkur area, Iceland, also 
produced spectra with a single reflectance peak at 1111 cm-1 (9.0 µm) and faint 
reflectance peaks around 1600 cm-1 (Figure 3.12e).  Alternate laminae were analysed 
and all produced the same spectra despite differing in colour in BSE and in hand 
specimen, indicating these are mineralogically identical.  The terrace samples also 
produced smooth spectra with reflectance peaks centred at 1111 cm-1 (9.0 µm).  
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Analyses taken in areas where there is evidence for filamentous microorganisms 
produced ‘noisy’ spectra (Figure 3.12f), similar to the Ngakoro samples. 
 
 
Figure 3.12 FTIR spectra from different components making up the silica sinters plotted as 
wavenumber (cm-1) against % reflectance.  The feature at around 2330 cm-1 is a water effect from the 
environment in the laboratory. a. A matrix spectrum from the Ngakoro sinter with a single Si-O stretch 
peak at 1111 cm-1. b. A quartz spectrum from a crystal clast within the matrix. c. Averaged spectrum 
from 10 analyses of Ngakoro samples powdered to homogenise the samples to determine the spectra 
expected for deposits on Mars.  There is a main peak at ~1111 cm-1 and other important features 
indicated at higher wavenumbers. d. Spectrum taken from the green microbial layer where entire 
silicified filaments are found in the Ngakoro samples.  The main peak occurs at around 1111 cm-1 with 
important features at ~1600, 2912 and 2848 and 3420 cm-1 visible.  These areas are also recognised in 
figure c but at lower reflectance values. e. A matrix spectrum from the geyserite samples from the 
Strokkur area. f. Spectrum from the terrace samples in the microbial colony cavities.  The main peak is 
located at ~1111 cm-1 with minor features at 1600 cm-1 and between 2840 and 2920 cm-1. 
 
Reference spectra of opal-A, opal-CT, cristobalite and tridymite collected in this study 
for comparison with sinters are shown in (Figure 3.13).  Through these comparisons, 
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the matrix material, with reflectance peaks of 1111 cm-1, in the Ngakoro, geyserite, 
terrace and sinter apron samples is composed of opal-A.  Within all samples, particles 
of opal-A are found both within the matrix and as allochthonous materials.  FTIR 
identified areas within the matrix of the Ngakoro samples comprising < 50 vol% of 
opal-A with cristobalite and tridymite spectra as opal-CT.  Quartz is identified via 
FTIR in the Ngakoro samples as single crystals within the matrix, in the sinter apron 
samples and from the allochthonous material wedge in the geyserite samples, but not 
in the matrix of the geyserite itself, or the terrace samples.  FTIR on the powdered 
forms of the Ngakoro and geyserite samples produced spectra resembling the broad 
reflectance spectra of tridymite and opal-CT respectively. 
 
 
Figure 3.13 FTIR multi spectra of the reference materials used in this study; quartz, opal-A, opal-CT, 
cristobalite and tridymite.  Reflectance values are shown relative to each other + 10n where n = plot 
number indicated on graph.  X indicates the Christiansen feature of each mineral with the main peaks Y 
and Z between 1000 and 1200 and 700 and 800 cm-1 respectively.  Cristobalite, tridymite and opal-CT 
have peaks at higher wavenumbers whereas quartz and opal-A have minimal features at higher 
wavenumbers.  The matrix and powdered samples of the Ngakoro sinters are included.  The matrix line 
is matched to the opal-A spectrum whereas the powdered sample appears to be a mixture of the 
tridymite and opal-CT spectra.  This is possibly due to the grain size of the sample and the mixture of 
components within the deposit.  The powdered sample of geyserite from the Strokkur area matches the 
opal-CT spectrum whereas the spot analysis of the matrix area using FTIR indicates opal-A as the 
dominant mineral.  XRPD identified tridymite and cristobalite as opal-CT and opal-A as the main 
minerals and therefore corroborates the FTIR results. 
 
The results of XRPD analysis on the siliceous samples from both Ngakoro and the 
Strokkur area indicate the presence of multiple polymorphs of SiO2 (Figure 3.14).  A-
quartz, opal-A with possible cristobalite and tridymite components, provide the 
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strongest peaks and have shoulders of serpentine-group clay mineral lizardite and 
muscovite.  Traces of possible titanomagnetite, pyrophanite, ulvospinel and a titanium 
sulphide may be identified in the X-ray patterns however they are minor and not 
corroborated by EDS or identified in FTIR analyses.  XRPD diffraction bands of the 
standards used for opal-A are ~ 22.2° 2θ, opal-CT ~ 21.75° 2θ, microcrystalline 
quartz ~ 20.85 and ~ 26.2° 2θ (e.g. Jones and Segnit, 1971; Flörke et al., 1991; Smith, 
1998).   
 
 
Figure 3.14 XRPD trace of the powdered geyserite from the Strokkur area.  Multiple peaks are present 
that identify the SiO2 polymorphs within the sinters.  The overall curve is that of opal-A with minor 
peaks indicating that quartz, tridymite and cristobalite are the other SiO2 polymorphs present. 
 
The XRPD bands of opal-A contain peaks identified as cristobalite and tridymite, 
however comparisons with opal-CT reference bands indicate these peaks are 
generated by opal-CT within all the samples (Figure 3.15).  This was carried out on 
homogenised powdered samples.  When analysing the powdered samples from 
Ngakoro, XRPD produced spectra resembling that of opal-CT and tridymite, plus 
quartz.  Powdered geyserite samples from the Strokkur area produced XRPD spectra 
of opal-A with tridymite and minor cristobalite, as did the sinter apron samples.  The 
terrace samples produced spectra for opal-A. 
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Figure 3.15 XRPD spectra of the powdered Ngakoro sinter and an opal-CT standard indicating its 
presence within the samples. 
 
FTIR spectra from the green microbial layer in the Ngakoro samples have three main 
components: (1) the SiO2 mineral matrix is identified as containing the 1111 cm-1 
reflectance peak of opal-A and the asymmetric Si-O peak of cristobalite and/or broad 
peak of tridymite; (2) the noise at higher wavenumbers contains a peak at 2912 cm-1 
(3.43 µm) and at 2848 cm-1 (3.51 µm) with a shoulder at 2956 cm-1 (3.38 µm).  These 
are tentatively identified as υ(CH2) asymmetric and symmetric, and υ(CH3) 
asymmetric absorption bands respectively (Painter et al., 1981).  Also, at around 1600 
cm-1, there are a collection of peaks that probably represent carboxyl group molecules 
and possibly amides which overlap the δ(H2O) bending fundamental vibrations 
(Tamm and Tatulian, 1997); (3) a broad absorption band near 3420 cm-1 (2.92 µm) is 
attributed to υ(OH) (Tamm and Tatulian, 1997).  The presence of υ(CH3), υ(CH2), 
carboxyl, amide and/or δ(H2O) and υ(OH) bands may all indicate the occurrence of 
organic molecules in the sinters.  These components are distributed randomly through 
the samples.  In the Strokkur area samples, analyses taken in areas of microfossil 
cavities produced spectra similar to those found in the green microbial layer in the 
Ngakoro samples.  The opal-A matrix spectra from all sample localities contain only 
the bands covering carboxyl groups and δ(H2O).  In all samples, the known 
microfossil regions contain υ(CH3) and υ(CH2) bands together with the carboxyl and 
δ(H2O) bands and have stronger reflectance values, but are absent in areas without 
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identifiable microfossils or microfossil cavities.  Out of ten analyses of the powdered 
samples of the Ngakoro sinters, 3 showed organic and υ(OH) reflectance signatures 
but at lower intensities than spot analyses of microbial regions.  The powdered 
Strokkur area spectra produced an opal-A peak with no identifiable υ(CH3) or υ(CH2) 
scissor pattern but contained low percentage reflectance peaks around 1600 cm-1.   
 
3.4.3 GCMS Analysis 
 
To confirm identification of organic materials in the spectral results, we conducted 
GCMS analyses of powdered samples from both localities.  GCMS of the powdered 
Ngakoro samples identified mainly fatty acids; Hexadecanoic acid (C17H34O2) and 
Pentadecanoic acid (C15H30O2); Hexadecanoic acid-methyl ester; Heptadecane (a C15 
alkane); Dibutyl phthalate (a phthalic acid ester); and Di-n-octyl phthalate (a dioctyl 
phthalic acid ester) (Figure 3.16a); whilst the Strokkur area geyserite sample 
contained 2-propanol, 1-chloro, phosphate (an ester of phosphoric acid); 1, 2-
Benzenedicarboxylic acid (an aromatic dicarboxylic acid), and Dibutyl phthalate 
(Figure 3.16b).  The fatty acids are saturated and are odd chain strains. 
 
3.5 Discussion 
 
Siliceous sinters around hot springs and geysers at Waiotapu and Haukadalur are 
characterised by a wide variety of fabrics, textures and compositions that will vary 
between spring systems, and within individual deposits.  Variations are seen at sub-
micron to centimetre scales and are a complex function of opal-A precipitation, 
silicification of microorganisms and lithic and biological detritus from internal and 
external sources. 
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Figure 3.16 GCMS of silica sinters. a. Plot for the powdered Ngakoro sinter.  Major peaks indicate the 
most abundant organic compounds which include alkanes, fatty acids and probable functionalised 
aromatics.  * indicates an unknown compound with the appearance of a single aromatic ring with 
several functional groups hanging off it. b. Plot for the powdered geyserite sinter did not find fatty 
acids but did find carboxylic acids as plasticiser contaminants. 
 
Dissolution, reprecipitation and recrystallisation occurs in modern and ancient sinters 
within pores during diagenesis and produces spatially variable silica fabrics of 
different levels of maturity (e.g. Cady and Farmer, 1996; Campbell et al., 2001; 
Guidry and Chafetz, 2003a; Lynne and Campbell, 2003, 2004).  Silica sinter 
diagenesis, therefore, occurs in an inconsistent and inhomogeneous way at all 
temporal and spatial scales (Lynne et al., 2005).  The silica maturation process occurs 
through the sequence non-crystalline opal-A, paracrystalline opal-CT ± opal-C ± 
moganite to microcrystalline quartz and can take up to 40 000 years to occur 
(Herdianita et al., 2000a).  Diagenetic changes can, however, occur at varying 
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timescales both within and between individual outcrops (Rodgers et al., 2004) due to 
thermal and hydrological variations.  This mineralogical transition is accompanied by 
morphological changes at the nano to micrometre-scale (Lynne et al., 2005) and can 
occur with little or no burial.    The mineralogy of the Ngakoro sinter, observed via 
XRPD and FTIR analysis, indicates not only amorphous opal-A, but crystalline 
phases of opal with cristobalite and/or tridymite and quartz.  FTIR indicates these are 
found in localised micron-sized patches but can still be detected in powdered XRPD 
samples. 
 
FTIR has been extensively used in the identification and classification of minerals.  
The advantage of using this technique is that minerals may have infrared absorption 
features in the mid-infrared region of 4000 – 500 wavenumbers (cm-1) (2.5 – 20.0 
µm), which are related to fundamental vibrational modes of anion functional groups 
such as SiO44-, CO32-, PO43-, and SO42-, and H-O-H fundamental stretching and 
bending modes (Anderson et al., 2005).  Silicates show intense absorption in the 
region of 1176 – 833 cm-1 (8.5 – 12.0 µm) due to the Si-O stretching modes.  Less 
intense silicate bands in the 833 – 600 cm-1 (12.0 – 16.7 µm) region can also be 
discerned using FTIR analysis.  Studies of SiO2 in various forms have been carried 
out (e.g. Wald and Salisbury, 1995; Wenrich and Christensen, 1996, Michalski et al., 
2003) with the main quartz absorption region being 1250 - 1000 cm-1 (8.0 – 10.0 µm).  
Infrared spectroscopy using an FTIR system can also detect a wide range of organic 
compounds.  Each organic group is formed of many compounds at a particular 
wavelength; the major classes of biomolecules distinguished by FTIR are proteins, 
peptides and enzymes; lipids; carbohydrates and sugars; and nucleic acids (Anderson 
et al., 2005). 
 
The XRPD measurements provide the mineralogy of the sinters through powdered 
media as a bulk analysis whereas FTIR provides the mineralogical components 
through spot, or small area, analysis and through bulk analysis to reveal spatial 
inhomogeneity.  Areas containing opal-A, cristobalite, tridymite and opal-CT i.e. 
paracrystalline cristobalite and tridymite present in the silica lattice (Lynne et al., 
2005), can be identified using FTIR.  Significant overlap with the surrounding opal-A 
and other phases could influence the spectral analysis however, as the aperture size of 
the FTIR was 50 * 50 microns.  As such, small area analyses indicate inhomogeneity 
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at 50 µm scales.  FTIR results from the bulk samples agree with the XRPD results.  In 
the Ngakoro samples, the strong quartz band in XRPD may indicate that these 
samples are relatively mineralogically mature.  XRPD also identified minor quartz 
and cristobalite-low in the extinct sinter apron samples, indicating their higher level of 
maturity and/or their level of contamination from clastic input over time.  Non-
crystalline opal-A, opal-A/CT, and para-crystalline opal-CT silica phase mineralogies 
produce wide band XRPD patterns (Lynne et al., 2005) as seen in all the samples 
analysed. 
 
Opal-A is the fundamental building block of all sinters, and crystallises due to the 
rapid cooling of geothermal fluids to ambient air temperatures, evaporative 
concentration and/or acidification of alkaline silica-supersaturated waters at fluid 
interfaces (Weed, 1889a, 1889b; Allen, 1934; Krauskopf, 1956; White et al., 1956; 
Rimstidt and Cole, 1983; Fournier, 1985a; Pentecost, 1996).  The precipitation of 
opal-A requires a steady supply of fluid that carries silica, commonly as monosilicic 
acid (H4SiO4), and the presence of suitable sites for nucleation (Jones and Renaut, 
2003).  The role of microorganisms in this precipitation continues to be debated, 
however, microorganisms, as suspended solids, are thought to act as substrates upon 
which precipitation of opal-A occurs (Cady and Farmer, 1996; Walter et al., 1996, 
1998; Konhauser et al., 2001).  The preservation of microbes is thought to be 
governed by the rate of precipitation of opal-A in and around the organisms (e.g. 
Bartley, 1996; Jones et al., 2001c) verses that of their decay.  Once silicification has 
begun, the microbes become the sites for further deposition and accumulation of silica 
which envelopes them.  These silicified microbes can act as a framework with the 
cavities between them filled by thin (< 1 µm) layers of opal-A (Jones and Renaut, 
2003).   
 
The internal botryoidal patterns, created by the spheroidal nature of opal-A, of 
threadworks within the Ngakoro samples could form by opal-A precipitation and 
emphasised by natural etching (Jones and Renaut, 2003).  These threads may 
represent fluid pathways through the porous sinter matrix from which opal-A 
precipitated.  They are, however, not found throughout the samples which are highly 
porous, but are in localised patches in the subsurface of the deposit, not obviously 
connected to the surface.  Another possibility is that they may be localised in areas 
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where the porosity was greater than 70 % or are located within macropores in the 
deposit.  The opal-A pattern is consistent with this, however, the areas are filled with 
numerous threads separated by featureless opal-A cement.  The precipitation within a 
pore space would not naturally form as threads unless there was something, possibly 
microbial filaments, already within the pores for the opal-A to precipitate to.   
 
The diameters of the threadworks are of similar sizes (< 3 µm) to the silicified 
filaments found in the green biofilms in the Ngakoro samples (Figure 3.17a).  The 
threadworks are located in isolated groups which have a preferred orientation, with a 
few variations in thickness.  These groups are found around 5 mm into the subsurface, 
therefore, whereas the silicified filaments are observed at the surface.  Colonies of 
filamentous microorganisms lying perpendicular to the surface of the deposit could 
produce this pattern.  Although the overall thread thickness is < 3 µm, variations will 
occur due to the organisms being sectioned at different angles due to overlapping or 
may represent the internal moulds of filaments.  The highly porous botryoidal 
appearance of these threads compared to the silicified filaments at the surface is 
potentially due to deterioration of the silicified subsurface filaments and complete 
dissolution of their internal moulds via acid water effects and/or diagenesis.  Later 
fluid flow and/or diagenetic cementation caused precipitation of opal-A within the 
voids left by the microorganisms using the opal-A surfaces created by silicification of 
the filament cell walls as nucleation sites.  Such changes are more likely to occur in 
the subsurface where higher temperatures and higher fluid abundance is expected due 
to evaporation and cooling from the surface.  This precipitation is witnessed by 
creating opal-A particles within the deposit and produces the same botryoidal fabric.  
Their presence at depth would imply that these filaments were older and silicified 
earlier in the history of the deposit, therefore, have had longer to undergo dissolution 
processes.    The threads with botryoidal patterns may, therefore, be the remnants of 
silicified filamentous microorganisms beneath the surface. 
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Figure 3.17 a. Graph showing the size distribution of microbial filaments and threadworks between the 
Ngakoro sinter and the surface and subsurface of the Strokkur area samples. b. BSE image of filament 
cavities within the sinter terrace samples. 
 
The threadworks, as tubular moulds of microbial filaments, have diameters that 
correspond to filament cross sectional diameters within the subsurface of the Strokkur 
area silica deposits (Figure 3.17a).  Measurements of silicified oval or circular 
cavities, excluding the external sheath thickness of < 5 µm, at or just under the surface 
of the samples (Figure 3.17b), however, are much greater than the threadwork 
diameters.  The results indicate that filament sizes < 6 µm are found in the subsurface 
of both Ngakoro and Strokkur area samples, and > 6 µm towards the surface at depths 
< 5 mm (Figure 3.18).  Lynne and Campbell (2003) identified two different filament 
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sizes commonly preserved in TVZ hot springs related to differing thermal 
environments.  Coarse filaments refer to those with a total filament width of > 8 µm in 
diameter (tubular moulds > 5 µm, and sheath thicknesses of ~ 3 µm), commonly 
found in low-temperature (< 35 °C) outflow areas.  Finer filaments however have a 
total filament width ≤ 4 µm in diameter (tubular moulds < 2 µm and sheath 
thicknesses < 2 µm) and occur in mid-temperature (~ 35 - 59 °C) discharge regions.  
If applied to the siliceous deposits of Ngakoro and the Strokkur area, two thermal 
environments are observed between the deposits sampled and within single deposits.  
The lower temperature, coarser filaments are found at the surface and the mid-
temperature filaments found beneath.  These microbe sizes may be used for water 
palaeotemperature studies in hot spring deposits, however, microbes with low 
maximum temperature tolerance can live and become silicified only a few millimetres 
above or below waters that are too hot for their survival (Jones et al., 1997a).  This 
may explain why cooler temperature microbes are found at the surface as they were 
silicified millimetres below warmer spring discharge.  Fluctuating discharge 
temperatures may also be a factor.  
 
An explanation for the depth correlated variation in filament sizes may be due to 
changes in filament thickness after incorporation into the sinter.  After accretion and 
more silica deposition, silicified cells and filaments are effectively cut off from 
additional contact with the overlying fluids and, therefore, continued silica deposition 
(Konhauser et al., 2001).  The filaments nearer the surface will be exposed to the 
silica-rich fluids for longer than those at depth and so will be silicified to a greater 
extent.  Silicification could still continue at depth, however, as pore fluids can dry out 
and precipitate the dissolved silica.  This could explain the smaller filament diameters 
at depths in the samples of both Ngakoro and Strokkur, and the larger diameters 
nearer the surface. 
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Figure 3.18 A schematic sketch showing the approximate microbial size relationships throughout a 
deposit.  The link between the microfossil cavities and probable microbial threadworks, and the 
different types of microfossils identified from all the sinters examined. 
 
The titanium dioxide observed coating the sides of sheets of silica and some 
threadworks may have been deposited together with the silica from thermal fluids that 
flowed through the deposit later in its history.  Like silica, titanium dioxide is 
relatively insoluble at low pH so a basic explanation for the observations in this study 
is that low pH waters dissolved precursor materials, such as volcanic glass, 
concentrating the titanium dioxide.  It was then deposited within the pores created by 
the dissolution of silicified microorganisms.  Furthermore, Ti can substitute for Si 
without having to be charge balanced by coupled substitution of another element, 
because of the tetravalent nature of both the Ti and Si cations.  A biologically-related 
method for concentrations of TiO2 in microbial filament areas should also be 
considered.  Cell wall constituents of different microorganisms, such as alginate and 
fucoidan, can be responsible for heavy metal chelation.  Metal sequestation by algae 
has been documented and explained by a complexation of a central heavy metal to a 
multidentate ligand in the cell wall (Davis et al., 2003).  The concentration of TiO2 in 
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these samples by microorganisms appears unlikely as it is only concentrated in a few 
threadwork areas, away from areas with observed filaments, and has been found as 
isolated grains within the groundmass that is devoid of visible microorganisms and 
would have interacted with a later fluid stage. 
 
Progressive silicification in geothermal environments can make identifying silicified 
organisms difficult on a morphological basis due to the destruction of cytoplasmic 
details and wall structure (Jones and Renaut, 1996; Jones et al., 1997a).  The FTIR 
spectroscopy system can detect a wide range of organic compounds and biominerals 
and is therefore of prime importance in identifying evidence for microorganisms in 
siliceous geothermal systems.  Anderson et al (2005) used IR to analyse 50 ppm of 
stearic acid in a basalt matrix and endolithic communities within Antarctic sandstones 
between 4000 and 500 cm-1, highlighting the capability of IR to detect organic 
compounds within a mineral matrix.   
 
Molecular groups vibrate at a particular frequency in a given system, and the strength 
of the stretching vibrations of υ(CH3) and υ(CH2), once identified, can provide a 
qualitative measure of the conformational order of lipid acyl chains (Tamm and 
Tatulian, 1997).  The peaks identified at around 2920 and 2850 cm-1 in the samples 
from Ngakoro and Strokkur areas match the stretching vibrations of υ(CH2) 
asymmetric and υ(CH2) symmetric of C16 and C18 fatty acids respectively.  A shoulder 
peak at around 2956 matches that of the υ(CH3) asymmetric stretching vibration 
(Painter et al., 1981) contributed from fatty acids.  The carboxyl groups identified at 
around 1600 cm-1 are also present within fatty acids.  FTIR however, can only be used 
to identify the presence of molecular groups and organic compounds but not 
necessarily a unique identification of the biomolecules.  It is possible that the 
discussed peaks are not the result of fatty acids, for example associated with structural 
lipids of the microorganisms present in the samples, but are related to plant and 
animal tissues, hydrocarbons or natural organics from the environment.  Potential 
contamination from skin cells during collection and analysis is also possible, despite 
precautions to minimise contamination.   
 
The chemical and physical state of hydroxyl may be analysed in the mid-infrared due 
to broad O-H stretching vibrations at approximately 3490 cm-1 (Tamm and Tatulian, 
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1997).  Features such as these can indicate fluid inclusions, water of hydration or 
water held in a crystal structure (Anderson et al., 2005).  The OH is also valuable for 
the silica making up the sinters.  Opal has the chemical formula SiO2·nH2O.  The 
water can exist as internal or surface silane (-Si-OH) groups as attached or adsorbed 
water, and is considered essential to the definition of opal.  It is the nature of this 
water that strongly influences the type of opal that is formed.  The broad peak of OH 
found in the Ngakoro and Strokkur samples may indicate the potential availability of 
water for microorganisms within the subsurface of the deposits or be related to the 
mineralogy of the area under analysis.   
 
The identification of polar lipids as fatty acids as well as carboxylic acids by GCMS 
corroborates the FTIR spectral data.  Methylhexadecanoic acid (typically C16 but 
occurs as C17 homologues in the Ngakoro samples) is one of the most common 
saturated fatty acids and is the first to be produced during lipogenesis, from which 
longer fatty acids can form within animals, plants and microorganisms.  This type of 
alkenoic acid is characteristic of predominantly prokaryotic sources.  Heptadecane 
(C15) is a degradation product of a C16 fatty acid (hecadecanoic acid).  Pentadecanoic 
acid is a saturated fatty acid, common in lipids in prokaryotes and can be used in 
metabolic reactions and for membrane rigidity.  High proportions of methyl branched 
C15 and C17 fatty acids are generally present in bacteria (Volkman et al., 1980; 
Harwood and Russell, 1984).  C15 and C17 fatty acids are also found to be the 
predominant acyl chains of the lipids of all Thermus strains (Ferraz et al., 1994).  
Within the Ngakoro sinters there is evidence of compounds at different stages of 
diagenesis.  This may be due to a single input that has been partly modified, or several 
sources that have all been trapped in the deposit.  Dibutyl phthalates and 1,2-
benzenedicarboxylic acids are part of a chemical group, derived from phthalic acid.  
Phthalates are one of the most widespread man-made environmental contaminants and 
have a natural ability to collect in biological tissues.  Phthalic acid itself is an organic 
compound and can form when hydrocarbons are oxidised by sulphuric acid.  Whether 
this biomolecule is an effective biomarker in these deposits is reliant on whether its 
production is internal or external to the organisms present, however, sample 
contamination with plasticizers is more likely in these samples.  When these 
carboxylic acids are identified in conjunction with fatty acids they may be microbially 
relevant, however, when identified alone, they are probably contaminants.  Even so, 
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FTIR still identifies the organics, of either origin, present in the sample highlighting 
the ability of silica sinters to mop up any organics in the surrounding environment. 
 
The results of the GCMS analysis, therefore, confirms that a range of biomolecules 
occur in the samples, some of which are commonly found in bacteria.  These 
biomolecules are not, however, unique to microorganisms and could be derived from 
an external source.  The occurrence of the biomolecules, identifiable by small area 
FTIR analyses, concentrated in the layers of the sinters containing the best preserved 
filaments, is however, excellent evidence that these are indigenous and originate from 
bacterial colonies.   
 
The sinters of this study have undergone different levels of diagenetic alteration.  This 
not affected the mineralogy of the samples but would have also caused transformation 
and/or degradation of organic compounds, commonly by biological agents.  
Decomposers break down high molecular weight compounds into smaller components 
and lipids appear more resistant to degradation than carbohydrates and proteins.  The 
preservation of organic matter within silica sinters is affected by the dominant mode 
of preservation in the hot spring system i.e. dissolution production of moulds and 
complete replacement of microorganisms, are not conducive to yielding appreciable 
amounts of organic compounds (Guidry and Chafetz, 2003).  ToF-SIMS analyses 
carried out on modern, actively growing, mildly silicified microbial mats yield a 
number of organic constituents associated with bacteria (Guidry et al. 2000) whereas 
deposits that have undergone extensive diagenesis lack high mass organic materials 
(Guidry and Chafetz, 2003).  The deposits of this study are geologically young and 
diagenesis does not appear complete throughout the samples so organic compounds 
may still be identifiable through FTIR and GCMS. 
 
All the sinters analysed have some common features that would be expected to be 
found in Martian silica deposits.  They are all predominantly composed of opal-A 
which can be identified through X-ray and Infrared mapping.  Quartz, opal-CT and 
higher temperature polymorphs can be detected in mineralogically mature deposits.  
All sinters on Earth contain indigenous or derived organics from other environments 
which might be detectable if they are present on Mars.  Variations arise however in 
lithic input and proportions of the different SiO2 polymorphs.  Sinters may contain no 
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foreign particles and be composed of pure, banded opal-A, however, others can 
contain mineral crystals, volcanic material, older sinter particles and organic 
components unrelated to microorganisms, which will all affect FTIR spectral 
analyses.   
 
3.6 Implications 
 
Knowledge of terrestrial hydrothermal systems and their deposits is of great 
importance in identifying hydrothermal deposits on Mars, and locating biomarkers 
within these potential microbial habitats. 
 
This study has shown that combined mineralogical, textural and FTIR studies provide 
a means of investigating the origins and diagenetic evolution of silica sinters formed 
by hydrothermal systems.  Specifically, microscopic textural characterisation allows 
identification not only of well preserved silicified remnants of microorganisms, but 
also of filamentous moulds and cavities, together with threadworks, which appear to 
be precipitations within cavities left by dissolution of silicified microorganisms.  Infra 
red analysis of bulk and small areas of samples is shown herein to be capable of 
characterising the state of diagenesis of silica sinters in the proportion of opal-A, opal-
CT and quartz.  In particular this study reveals that small area FTIR analyses are 
needed to evaluate the spatial variation in diagenesis that has a strong impact on the 
preservation, and therefore the interpretation, of silicified organisms.  Finally, FTIR is 
shown to be capable of directly identifying biomolecules present in sinters and that 
these are most likely to be observed in areas with the best preserved microfossils, but 
are not restricted to these deposits.  These results have direct applications to the search 
for biomolecules in silica sinters on Mars should these deposits occur. 
 
Mid-infrared spectral analysis of the silica sinters from New Zealand and Iceland 
resulted in characteristic spectral signatures that could be used to identify siliceous 
deposits on Mars.  Amorphous opal-A and opal-CT with minor amounts of quartz was 
detected in all spectra.  The degree of alteration, possibly by diagenesis, can be 
estimated by mineralogy and therefore potentially the age range of the deposits can be 
implied from IR spectra.  Reflectance peaks at ~ 2920 and 2850 cm-1 are formed by 
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C15 and C17 fatty acids and can only be identified within deposits with a microbial 
layer exposed at the surface to the detector.  Carboxyl group, amides and H2O 
molecules are identified within spectra from the matrix analyses of all the samples 
examined as well as the microbial regions.  These biomolecules are also identified 
within the powdered samples from GCMS and are also detected with FTIR.  Finally, 
OH is detectable within the microbial layer spectra and occasionally within the matrix 
spectra with the carboxyl group molecules.  All these components, both mineralogical 
and biological, are identifiable within silica sinters using spectral techniques and 
could be identified within silica deposits on Mars. 
 
Microbial cells consist of complex chemical macromolecules that are distributed in 
various cellular components. They include the cytoplasm (dominated by proteins and 
nucleic acids), the cytoplasmic cell membrane (composed predominantly of 
phospholipids), and the cell wall (composed predominantly of peptidoglycan).  On 
average, the composition of bacterial cells are fairly homogeneous: ~ 40 - 60 % 
proteins, ~ 15 - 20 % nucleic acids, ~ 10 - 15 % polysaccharides, ~ 10 - 15 % lipids, 
and ~ 1 - 3 % other organic and inorganic components (e.g., Brock et al., 1994, 
Naumann, 2000).  Naturally, this composition depends on a variety of factors 
including cell division stage and growth cycle.  In the cytoplasm, the proteins 
dominate the vibrational spectra because the total concentration of proteins is high (~ 
100 mM, Diem et al., 1999). Although, the average infrared spectra of all proteins are 
remarkably constant, the intensity and frequencies for proteins may vary depending, 
for example, on their primary and secondary structure or their hydration state.   
 
The analysis of these silica sinters are designed to aid in the identification of silica-
rich deposits on Mars.  However the Mars Exploration Rover Spirit made an 
important discovery whilst exploring the Columbia Hills in Gusev Crater (Squyres et 
al., 2008).  Using the miniature Thermal Emission Spectrometer (Mini-TES) 
(Christensen et al., 2003), part of the Athena Science Payload (Squyres et al., 2003, 
Arvidson et al., 2006) Spirit discovered silica-rich deposits in the Eastern Valley 
between Home Plate, a laminated cross-bedded tephra plateau (Squyres et al., 2007) 
and the Mitcheltree - Low Ridge complex (Squyres et al., 2008).  The Mini-TES 
provided spectra that indicated that nodular material in and near the Eastern Valley 
was enriched in opaline silica (Squyres et al., 2008).  The spectra contain vibrational 
112 
Chapter 3: Silica Sinters 
absorption features at ~ 475 cm-1 and at 1110 cm-1, interpreted to be the Si-O bending 
and stretching modes, respectively, of opaline silica (Michalski et al., 2003).  Light-
toned soil deposits at Gertrude Weise also display spectra indicative of opaline silica, 
but also contain a weak emissivity feature at ~ 1625 cm-1 due to the bending mode of 
bound water (Salisbury et al., 1991).  The light-toned soils are also enriched in Ti, Cr 
and Zn with 1.5 wt% as TiO2 (Squyres et al., 2008).  Analysis of the silica sinters 
from Waiotapu and Haukadalur contained Si-O stretching modes at 1111 cm-1, 
interpreted to be non-crystalline silica in the form of opal-A, and potential bending 
modes of H2O, obscured by reflectance peaks created by carboxyl group molecules 
and amides.  The sinters of this study also contained TiO2, detectable in chemical and 
XRD analyses, analogous to those deposits described on Mars. 
 
The location of these silica deposits in relation to a volcanic deposit and their opaline 
mineralogies imply a potential hydrothermal/geothermal origin.  Squyres et al (2008) 
propose that these opaline deposits observed by Spirit may be consistent with 
formation by acid-sulphate low pH waters leaching a variety of basaltic materials 
leaving behind the insoluble phases, such as silica and titanium dioxide.  The 
alternative method of formation is that of the silica sinter processes described in this 
study, whereby these Si-rich areas are the fossilised deposits of hot springs and 
geysers, preserved by burial under the Martian soil.  The hydrothermal conditions that 
are implied by the opaline silica deposits have astrobiological significance.  The 
spectra, both organic and inorganic, obtained from silica sinters in this study have 
direct implications to the quantification of data collected on Mars.   
 
3.7 Conclusions 
 
The detection of organics and those especially related to microorganisms would be 
definitive evidence that life once, or still does, exist on Mars.  Numerous techniques 
can be used to identify biomolecules within all kinds of rocks.  We have proposed and 
demonstrated the use of FTIR spectroscopy for both organic molecule identification 
and mineralogical analysis of siliceous geothermal deposits.  Different polymorphs of 
SiO2 can be identified along with fatty acids, carboxylic acids and OH molecules, 
within a single spectral analysis.  The recently discovered silica deposits on Mars 
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(Squyres et al., 2008) may contain these biomolecules, and IR spectroscopy could be 
a method of locating them.  Silica sinters of Waiotapu, being both chemical and 
clastic deposits, if found on Mars could provide extensive information about the 
geology of the area and the subsurface thermal activity.  Any remaining siliceous 
deposits on Mars will have undergone extensive alteration like those at Strokkur, and 
the basaltic and hyaloclastite basement rocks of Iceland are good analogues for the 
current understanding of Mars geology.  The organics, if detected, in siliceous 
deposits on Mars may not prove to be biomarkers for past or present microbial 
activity, but they may provide enough evidence for the existence of pre-biotic 
conditions on Mars. 
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Chapter 4 
 
THE RHYNIE CHERT 
 
 
 
4.1 Introduction 
 
The Rhynie Chert SSSI (Site of Special Scientific Interest) is one of the earliest 
known silicified terrestrial ecosystems with a well preserved biota (Figure 4.1).  The 
cherts are found near Aberdeen, Scotland, in a succession of Early Devonian 
sedimentary and volcanic rocks (Rice et al., 2002) and represent the surface 
manifestation of a ~ 396 Ma old subaerial hot spring system (Rice et al., 1995).  Hot 
spring activity produced silica sinters that have now become cherts, and contain the 
preserved remains of vascular land plants (Kidston & Lang 1917–21; Remy & Remy 
1980; Hass 1991), lichens (Taylor et al., 1995, 1997) fungi (Hass et al., 1994), algae 
(Edwards & Lyon, 1983), terrestrial arachnids (Dunlop, 1994), an insect (springtail) 
(Whalley & Jarzembowski 1981) and freshwater crustaceans (Scourfield 1926).  In 
1988 another fossiliferous chert locality was discovered at Windyfield Farm 600 m 
northeast of the Rhynie Chert (Trewin and Rice, 1992; Trewin, 1994). 
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Figure 4.1 Map of Rhynie adapted from Rice et al (2002). 
 
4.1.1 Geological History of the Deposit 
 
By the Early Devonian the Iapetus Ocean had closed and was replaced by a 
transtensional regime with sinistral shearing and major igneous activity in northern 
Britain (Patrick and Polya, 1993; Treagus et al., 1999; Stewart et al., 1999).  
Batholiths and a large number of minor granitoid intrusions and andesitic lavas were 
produced showing predominantly calc-alkaline characteristics.  Sedimentary rocks at 
this time were restricted to small faulted intermontane basins (Rice et al., 2002).  
Hydrothermal activity was extensively developed in the Grampian region and resulted 
in W-Mo mineralisation (Webb et al., 1992; Coleman et al., 1989).  Granite-related 
hydrothermal activity in the region is highlighted in aspects of the geochemical 
signature (W-Mo-Au) of the Rhynie system.   
 
Essential features required to establish a hot spring system are open structures and 
sources of heat and water, which were abundant in northern Britain in the Early 
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Devonian allowing hot spring activity to be widespread (Nicholson, 1989).  The 
Rhynie area during the Devonian was situated in the subtropics, 28° south of the 
equator and is predicted to have undergone periods of wetting and drying due to 
flooding of the nearby river channel followed by drought, and/or distinct wet and dry 
seasons (Marriott and Wright, 1993).  Rhynie lay on a major NE-trending fault and 
local igneous activity probably related to large heat flow generated by emplacement 
of large granitic intrusions at shallow depth in the crust may have provided the energy 
to sustain the hot springs.  The intrusions were orogenic in character and are related to 
surface volcanic activity at the Glencoe caldera.  The Early Devonian was also a 
period of uplift and intense erosion and sediments of this are now restricted to small 
areas in the Grampian region (Rice et al., 2002).  The preservation of the Rhynie 
succession was due to hot spring activity coinciding with active sedimentation in a 
subsiding basin. 
 
The Rhynie area was a small half graben containing an alluvial plain and ephemeral 
lakes, with a semi-arid climate and affected by volcanic activity (Trewin and Rice, 
1992).  The northern part of the basin was filled early by locally derived clastics and 
an andesitic lava (Figure 4.2).  The clastics are mainly sandstones and conglomerates 
with tuffs, derived from a nearby andesitic volcanic centre, in the Rhynie area (Rice et 
al., 2002).  The localised deposition of the tuff was succeeded by the development of 
a fluvial system along the axis of the basin, followed by a low energy fluvio-lacustrine 
environment depositing muddy sandstones and shales (Dryden Flags Formation) (Rice 
et al., 2002).  Throughout this time locally derived material from the basement and 
andesite cover continued to enter the basin on a reduced scale as extension and 
subsidence ended (Rice et al., 2002). 
 
The cherts are the first recorded surface manifestations of hydrothermal activity.  
They appear late in the basin history and are hosted by the lacustrine and flood plain 
deposits of the Dryden Flags Formation (Rice et al., 2002).  More than 50 chert beds 
are associated with carbonaceous sandstones and lacustrine shales in the Rhynie Chert 
Unit (~35 m thickness in the Rhynie area) indicating that sinter deposition interrupted 
the alluvial floodplain sedimentation of mud and sand (Rice et al., 2002).  
Hydrothermal fluid movement was structurally controlled by the low angle basin 
margin fault zone and cross faults, with hot spring activity occurring at various times 
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along > 2 km of the fault zone (Rice et al., 2002).  The fluids must have been 
migrating upwards and northwestwards with sources below and to the SE of the 
Rhynie Chert locality.  The hydrothermal fluids caused intense alteration within the 
hanging wall of the faults during ascent, especially altering lava and tuffs confined 
beneath the impermeable shale cap (Rice et al., 2002). 
 
 
Figure 4.2 Reconstruction of the Rhynie environment (Trewin, 2001).   
 
The Rhynie Chert Unit contains a substantial amount of locally derived tuffaceous 
material reflecting an important period of extension, subsidence and erosion.  The 
ultimate control on chert deposition was probably repeated subsidence along the basin 
margin fault zone which released pulses of hydrothermal fluid to generate the stacked 
sinter beds (Rice et al., 2002).  The magma responsible for the hot spring activity at 
Rhynie (Rice et al., 1995) is a matter of speculation.  Contemporary andesitic 
volcanism and the presence of widespread W, and some Mo, anomalies in altered 
rocks, indicate that both granitic and andesitic magmas could be involved (Rice et al., 
2002).    
 
Post hydrothermal extension resulted in further subsidence and the formation of open 
folds in the Dryden Flags Formation.  The cherts were brought into juxtaposition with 
the remnants of the early basin infill and deeper parts of the hot spring system.  The 
system may have been further dismembered by later strike-slip movements (Rice et 
al., 2002). 
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4.1.2 Biota 
 
More than ten fossiliferous beds have been identified in the Rhynie chert deposit 
(Trewin and Rice, 1992) with the biota preserved as siliceous permineralisations 
(Figure 4.3).  Silica in solution (silicic acid) nucleates onto certain active molecular 
groups in organic templates i.e. CO, OH, or PO3, and gradually hydrolyzes then 
polymerizes, trapping the organic template in a mineral matrix (Leo and Barghoorn, 
1976).  The final preservation states of permineralised fossils depends upon the states 
of decay reached when the organism/plant became infiltrated by the fossilizing 
medium. 
 
 
 
Figure 4.3 Sample of the Rhynie chert from the private collection of Dr Anton Kearsley. Scale bar = 5 
mm. 
 
Plant remains were discovered in the Rhynie chert by Mackie (1913) with subsequent 
detailed accounts by Kidston and Lang (1917, 1920a, b, 1921a, b).  Kidston and Lang 
(1921b) provided the first report of the microbial components in the Rhynie 
ecosystem in the form of fungal hyphae, thick-walled resting spores, and clusters of 
cells they interpreted as bacteria.  They also recognised the role that the Rhynie chert 
fungi played in nutrient cycling, how as biotrophs they interacted with the 
macroplants, and that some fungi may have formed symbiotic associations with one or 
more of the land plants.  A large number of microbial interactions have been 
documented from the Rhynie chert but many are yet to be understood. 
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4.1.2.1 Vascular Plants 
 
The Devonian was an exceptional time for the evolution of plants and the fossilised 
specimens of the Rhynie chert provide a unique insight into early terrestrial 
ecosystems and their components.  Minute details have been preserved of the plants 
including cell detail (Kidston and Lang, 1917, 1920a, b, 1921a, b), fragile root-like 
rhizoids, spores and reproductive structures (Lyon, 1957; Remy and Hass, 1996), 
vascular systems, gametophyte generations (Remy and Remy, 1980; Remy et al., 
1993) and even seasonal growth.   
 
There are seven genera of terrestrial macroplants described from the Rhynie chert.  
Five of these are considered as true vascular land plants (Tracheophytes) due to 
tracheids in the water-conducting tissue.  Rhynia and Aglaophyton are the most 
abundant, with Asteroxylon, Nothia and Horneophyton fairly common and 
Trichopherophyton and Ventarura scarse.  These plants seldom exceeded 20 cm in 
height.  Fossil evidence suggests that Aglaophyton grew in abundance with the more 
developed relatives Rhynia, Horneophyton and Asteroxylon.   
 
Aglaophyton major (Figure 4.4a) is often considered the earliest and simplest of the 
vascular plants, however, it has been shown to contain no vascular tissue but has 
conducting cells like those found in moss.  It had no leaves or roots and bore terminal 
sporangia on branching axes.  It was a simple plant with a creeping rhizome and 
smooth, naked, upright axes < 6 mm in diameter and ~ 15 cm high.   
 
Rhynia (Figure 4.4b) was a vascular plant that grew to ~ 18 cm high.  It consisted of 
upright axes, with small bumps of archegonia (reproductive structure producing 
female gametes), branched from horizontal rhizomes (horizontal stems).   
 
Horneophyton (Figure 4.4c) is a vascular plant ~ 6 cm tall with dichotomously-
branched above-ground axes that terminate in sporangia.  It is unique from all other 
Rhynie chert plants as it has a corm-like base (a small swollen underground plant 
stem used as a storage organ) with numerous rhizoids (structures that function like a 
root for support or absorption). 
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Figure 4.4 Images adapted from http://www.ucmp.berkeley.edu/devonian/rhynie.html [accessed 20 
February 2008]. a. Aglaophyton major with stem cross-section. b. Rhynia gwynne-vaughanii with stem 
cross-scetion. c. Horrneophyton lignieri with stem cross-section.  
 
4.1.2.2 Fungi 
 
Within the Rhynie chert there are a variety of examples of fungi (Figure 4.5a-c) that 
occur as saprophytes (organisms that grow on and derive nourishment from dead and 
decaying organic matter) of plants and animals, and as parasites (organisms that 
obtain nourishment form other living organisms and/or dead organic matter) of 
macroplants, algae, and other fungi (Taylor et al., 2004).  It is speculated through 
analysis of a single taxon that many of the macroplants in the Rhynie chert were 
associated with fungi in an endomycorrhizal (penetrate the plant root and live inside 
it) symbiosis, being mutually beneficial to the host (Aglaophyton major) and the 
fungus (Taylor et al., 2004).  Ultrastructural and molecular data have classified the 
fungi as a polyphyletic and heterogeneous group, comprised of more than 1.5 million 
species, with less than 100 000 described and named so far (Hawksworth, 1991).  
They are found to occupy almost every ecological niche.  Fossil fungi comprise four 
phyla: Chytridiomycota, Zygomycota, Ascomycota and Basidiomycota (McLaughlin 
and McLaughlin, 2001). 
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Figure 4.5 Slides from the collection of the Forschungsstelle für Paläbotanik, Westfälische Wilbelms-
Universitāt, Mūnster, Germany, adapted from Taylor et al., 2004. a. Thin section showing hyphae and 
swollen vesicles. Slide P1463, scale bar = 100 μm. b. A thick-walled fungal spore containing a 
mycoparasite. Slide P2762, scale bar = 25 μm. c. A section of Asteroxylon stem showing perithecia 
(organs produced during sexual reproduction of Ascomycota fungi) (arrows) and chlamydospores (c). 
Slide P3412, scale bar = 500 μm. 
 
Chytridiomycota are well represented in the Rhynie cherts and are probably the most 
common microbial element and the principal decomposers of organic material (Taylor 
et al., 2004).  Most chytrids exist as saprophytes but some are parasitic on other fungi, 
algae, animals and subsurface plants.  Clusters of chytrids and individuals have been 
found to occur in cells, along plant stems and on the surface of various plant organs 
(Taylor et al., 2004).  Parasitic chytrids have been found associated with several 
plants in the Rhynie chert and the green macroalgae Palaeonitella cranii (Taylor et 
al., 1992a, b, c).  Krispiromyces discoides is a unicellular chytrid consistently found 
on stems of Palaeonitella (Taylor et al., 2004). Ascomycota are important 
decomposers in land-based ecosystems and can process organic materials such as 
cellulose.  This fungal species can enter into symbiotic relationships with green algae 
and/or cyanobacteria to form lichens (Taylor et al., 2004).  The lichen life strategy, in 
which a fungus (mycobiont) and alga (phyco- or photobiont) live in a close symbiotic 
association, is now suggested to have arisen many times and has involved a number of 
algal groups over the course of geologic time (Gargas et al. 1995; Lutzoni et al. 
2001). The occurrence of a relatively advanced ascomycete in the Rhynie chert 
suggests that it is possible that this symbiosis was present, but has not yet been 
identified (Taylor et al., 2004). 
 
Some fungi obtained carbon by parasitizing other fungi and were shown by Kidston 
and Lang (1921b) as thick-walled resting fungal spores (chlamydospores) with 
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smaller spores inside of intrusive fungi.  Several parasitic fungi are known in the 
Rhynie chert and include forms that developed in the spore lumen of the host, 
between specific wall layers, and on the surface of the spores (Hass et al., 1994).  
Chlamydospores are the ‘life stage’ evidence of several types of fungi which can 
survive unfavourable conditions.   
 
4.1.2.3 Cyanophytes 
 
Kidston and Lang (1921b) described bacteria in the matrix and associated with some 
plant material, with further studies identifying additional colonies and clusters of 
bacterial cells that appear similar to cyanobacteria (Croft and George, 1959).  The 
record of cyanobacteria from the Rhynie chert included two coccoid forms, i.e. the 
Gloeocapsomorpha-like photobiont of the cyanolichen Winfrenatia reticulata T.N. 
Taylor, Hass et Kerp (Taylor et al., 1997) and Rhyniococcus uniformis D.S. Edwards 
et Lyon (Edwards and Lyon, 1983), and five filamentous forms, i.e. Archaeothrix 
contexta Kidston et W.H. Lang, A. oscillatoriformis Kidston et W.H. Lang, 
Kidstoniella fritschi Croft et George, Langiella scourfieldi Croft et George, and 
Rhyniella vermiformis Croft et George (Kidston and Lang, 1921; Croft and George, 
1959). Recently there has also been a report of a filamentous Archaeothrix-like 
cyanobacterium that occurs as an endophyte in prostrate axes and partially degraded 
sporangia of the land plant Aglaophyton major (Kidston et W.H. Lang) D.S. Edwards 
(Taylor and Krings, 2005).  Apart from a few exceptions, the cyanobacteria are motile 
benthic or planktonic organisms (Krings et al., 2007).  Langiella scourfieldi may have 
produced a basal creeping system, with erect branches on the side opposite to the 
substrate.  Sessile forms that grow on the sediment surface or settle epiphytically on 
other organisms have not yet been documented.  A new filamentous cyanobacterium 
(Figure 4.6a-b) described by Krings et al (2007) is associated with the formation of 
microbial mats and develops hemispherical to tuft-like aquatic colonies on the 
sediment surface and submerged plant parts, species Croftalania venusta M. Krings, 
Kerp, Hass, T.N. Taylor et Dotzler. 
 
Chapter 4: The Rhynie Chert 
124 
 
Figure 4.6 Slides from the collection of the Forschungsstelle für Paläbotanik, Westfälische Wilbelms-
Universitāt, Mūnster, Germany, adapted from Krings et al., 2007. a. Croftalania venusta cyanobacteria 
colony growing on the land plant Nothia aphylla axis. Slide P2180, scale bar = 500 μm. b. 
Arrangement of Croftalania venusta filaments in a hemispherical colony. Slide P2181, scale bar = 100 
μm. 
 
4.1.2.4 Chlorophytes 
 
Chlorophytes are a division of eukaryotic algae, comprising green algae that contain 
chlorophyll a and b in chloroplasts, embryophytes with accessory pigments of beta 
carotene and xanthophylls and a unique stellate structure (Mattox and Stewart, 1984; 
Sluiman, 1985; Bremer et al., 1987; Kenrick and Crane, 1997).  Green algae can be 
unicellular (Figure 4.7) but can also form complex multicellular structures.  They 
have a habit that ranges from swimming and non-motile unicells, to filaments, 
colonies with various levels of tissue organisation and branching morphologies 
(Lewis and McCourt, 2004).  Unicells are spherical to elongate, with or without 
flagella, scales, and wall layers.  Filaments are made of connected cylindrical cells, as 
branched or unbranched forms, with simple to complex tissue like bifurcations.  
Colonies are observed from paired cells to thousands, joined by gelatinous strands or 
a common parental cell wall.   
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Figure 4.7 Thin section image from (http://www.abdn.ac.uk/rhynie/chloro.htm) of unicells in the 
Rhynie chert.  Cell contents as black dots can be seen in some cells which may represent unicellular 
eukaryotic algae, scale bar = 50 μm. 
 
Chlorophytes are designated as non-vascular plants and are typically found in 
freshwater environments.  They are among the oldest known fossils and have been 
recorded in the Precambrian Ediacara Fauna.  A number of unicellular and 
filamentous types of chlorophytes have been described from the Rhynie chert, with 
only two filamentous types, Mackiella rotunda and Rhynchertia punctata described so 
far (Edwards and Lyon, 1983).  These were eukaryotic and had unbranched filaments 
< 850 μm and < 40 μm long respectively, consisting of < 25 cylindrical cells.  More 
detailed descriptions of fossil algae are currently unavailable due to technique 
restrictions explained later.  Charophytes are one of the largest and most structurally 
complex green algae, and are thought to be ancestors of vascular plants (Kendrick, 
1994). 
 
4.1.3 Mineralogy 
 
The Rhynie chert was initially composed of highly porous amorphous silica 
comparable to modern day silica sinter hot spring deposits.  They were cemented by 
silica and transformed to chert in the shallow subsurface of the hydrothermal system 
(Trewin, 1996).  There have been six chert textures recorded to date. 
 
• Vuggy to massive cherts are often found with well preserved plants.  Chalcedony 
is observed as geopetal infills of cavities and plant stems, sometimes showing 
changes in levels due to tilting during silicification (Trewin, 1994).  Open vugs are 
lined with quartz crystals probably due to flooding of the area by hot spring waters. 
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• Lenticular cherts form beds < 75 cm thick.  Lenses of dark organic-rich chert (< 
15 cm thick) have partings of carbonaceous cherty sandstone (Trewin, 1996).  The 
centres of the lenses are similar to the massive cherts but darker due to the organic 
material (Trewin, 1996).  These possibly formed in small pools or depressions 
flooded by hot spring water. 
• Laminated cherts are irregular on a sub-mm to cm scale with plant material 
localised to specific bands.  Fine sandstone laminae separate chert laminae of 
chalcendony or equigranular microcrystalline quartz, with a typical texture of 
laminated sinter terraces (Trewin, 1996). 
• Brecciated cherts are extensively fractured and sealed with chert or quartz.  Fully 
silicified plants are brecciated.  Later faulting has created fractures in the chert 
containing calcite and barite (Trewin, 1996).  Brecciation of the surface could have 
been caused by shock, silica transformations, dessication, or collapse of sinter, 
whilst that at depth is due to compaction (Trewin, 1996). 
• Botryoidal chert resembles the texture of geyserite with fine concentric laminae, 
but is rare. 
 
The Rhynie chert is relatively unaltered and lacks physical evidence of geyser 
activity.  Parallel-laminated cherts that are indicative of stromatolitic sinter apron 
deposits form a very minor part.  Trewin & Wilson (2004) suggested that the Rhynie 
chert sequence represents deposition in a low-relief area, probably the distal, cooler 
parts of a hydrothermal discharge apron.  The hydrothermally altered nature of the 
sediments hosting the nearby Windyfield chert and the presence of a chert block 
representing a geyser vent rim indicate that deposition occurred in an area proximal to 
hydrothermal activity with a flux of upward-migrating hot fluids (Fayers and Trewin, 
2004). 
 
4.1.4 Preservation 
 
The Rhynie chert biota has been preserved by rapid silicification of organic material 
by thermal fluids issuing from a hot spring, however, the quality of preservation of the 
Rhynie biota is very variable (Trewin, 1996).  Experiments have shown that the 
silicification of plant material is a permeation and void-filling processes (or 
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permineralisation) rather than the direct replacement of cell walls (or petrifaction), 
where the organic structure acts as a template for silica deposition. 
 
The three main potential processes for preservation are: surface flooding, a hot spring 
pool, and/or surface permeation (Trewin, 1996).  Small pools of hot fluids may be 
created by surface flooding, whilst surface permeation can occur continuously, 
recreating processes occurring at the surface in the subsurface.  Small pools on the 
sinter surface were colonised by freshwater crustaceans, aquatic algae (Palaeonitella) 
and bacterial mats using the plant fragments as a growth substrate.  These hot spring 
pools were invaded by pulses of hot spring water killing and preserving the 
community (Trewin, 2001).   
 
Plant (Figure 4.8) and arthropod material is found silicified in all stages of decay.  
Transported material and degraded plant litter showing breakdown of tissue structure 
and infestation of fungi can be perfectly silicified but the details of plant structure are 
best preserved when the growing plants were engulfed in the Si-rich hot spring 
waters.  Observations from Icelandic hot springs studied in Chapter 3, showed that 
flooding was not necessary for the preservation of plant matter here.  The plant 
material that was preserved in geyser deposits was clearly derived from local sources 
e.g. hot springs and associated pools rose through the ground within small areas of 
vegetation and material was transported from pool to pool in outflow streams.  
Silicification preserved the biota at specific moments, therefore, some beds contain 
young growing plants, some have mature plants with spore cases and abundant spores 
in the chert matrix, whilst others contain mainly biologically degraded material and 
spores.  Arthropods are found as complete individuals and/or as fragments.   
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Figure 4.8 The second part of a semi-diagrammatic illustration from Trewin (1996) of features 
associated with plant preservation, in both the Rhynie and Windyfield cherts.  (G-K) Range from 
perfect 3D cellular preservation (G) to coalified compression (K) with intermediate stages. (H) 
Shrinkage of plant tissue producing radial chert-filled gashes. (I) Partial compaction with loss of 
cellular structure.  (J) Lens of chert with no internal structure. (L) Permeation and silicification only of 
outer ring of cells, decay of inner tissue creates void later filled with chert (cf. E). (M) Only the outer 
cuticle is preserved. (N) Plant tissue shrunk away from cuticle and resulting annulus later filled with 
chert. (O) Cuticle shrunk away from enclosing chert, void later filled with chert. (P) Chert filling void 
in straw followed by loss of xylem strand and outer ring of cells resulting in pore space. (Q) Only a 
single void to show the previous presence of a plant axis  
 
The silicification process would have started with plant material being coated in 
amorphous silica.  It proceeded from the outside of the stem by infilling individual 
plants cells or replacing contents with silica until the whole thickness of the stem was 
silicified.  Organic cell wall material is still present in many beds, but in deposits 
subjected to hotter conditions it appears to have been burnt out.  The cavity created by 
this may then have been filled with silica.  The silicification process frequently 
stopped when only the outer part of the stem was silicified, leaving a hollow centre 
that may or may not have been later infilled with silica (Trewin, 1996).  This 
silicification process caught the fungi, bacteria, algae and the lichen that grew on and 
in the plant material, or that may have been growing on previous sinter substrates, and 
preserved it. 
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4.1.5 Summary 
 
Plants within some cherts can show perfect cellular preservation, with subaerial plant 
axes preserved in growth positions to heights < 20 cm.  The subaerial axes are 
connected to rhizomes which can bear rhizoids.  Fossils that indicate different stages 
in the life cycles of the plants and biota show that silicification was sudden and rapid, 
and took place by hot spring outflow invading areas where plant communities were 
growing (Trewin, 1996).  Chert beds are less than 90 cm in thickness, and are 
composite, containing several surfaces where plants colonised the old sinter surface 
prior to the next silicification event (Trewin, 1996).  The Rhynie ecosystem involved 
interactions between plants, animals and fungi but to what degree is still being 
debated and the evidence searched for.  Speculation centres on the degree to which 
biota might have adapted to the hot spring conditions and whether this can be 
recognised (Trewin, 2001).   
 
4.2 Aim 
 
The aim of this research is to provide a petrographic mineralogical and 
palaeontological description of the Rhynie chert samples used to identify key areas for 
more detailed analyses, using mid-IR spectroscopy, of organic and non-organic 
materials.  This will reveal potential biomarkers preserved within the chert, and will 
aid current techniques in mineralogical identification of ancient hot spring deposits 
and their biological components on Mars.  GCMS will be used to characterise the 
biomarkers, if observed, and determine their origins and level of preservation. 
 
4.3 Materials and Methods 
 
4.3.1 Materials 
 
The samples of Rhynie chert are Pragian (Early Devonian) in age based on 
palynology with an Ar/Ar radiometric age of 396 ± 12 Ma (Rice et al., 1995).  The 
parent sample is ~ 20 * 20 cm in size with five < 5 cm blocks cut off it.  The sample 
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was obtained from teaching materials owned by Dr. Anton Kearsley at the Natural 
History Museum, however, the exact location of the samples in regard to the insitu 
deposit is unknown.  Details of the sample locality are given in Section 4.1.   
 
4.3.2 Optical Microscopy 
 
The mineralogy and biota of the chert samples were determined using optical 
microscopy of uncovered, unpolished thin sections and polished blocks.  The thin 
sections were produced to a thickness of 30 μm, with deionised water placed on top 
with a cover slip for viewing at different depths into the chert.  The polished blocks 
were imaged using reflected light microscopy. 
 
4.3.3 Electron Microscopy 
 
High resolution secondary and BSE images were taken of the chert in fresh hand 
specimens and polished blocks using a LEO 1455 VP SEM (technique described in 
Chapter 2, Section 2.3.4) operating at 20 kV in high vacuum with a working distance 
of 15 mm.  This was carried out to determine the major element concentrations of the 
chert and to image the organic material.  Analyses were carried out using EDS using 
Oxford Instruments Inca microanalyser software. 
 
4.3.4 Infra-Red Spectroscopy 
 
IR spectroscopy was carried out using a Perkin Elmer Spectrum One spectrometer 
with a Perkin Elmer AutoIMAGE FT-IR Microscope attached (see Chapter 2, Section 
2.2.3).  Samples of chert in hand specimen, powder, polished block and thin section 
were analysed over a spectral range of 4000 - 700 cm-1 using an aperture of 50 * 50 
μm.  Illumination of the samples was between 35 and 47 %.  Standard reference 
materials of gold and quartz were used. 
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4.3.5 GCMS 
 
Compound detection of hydrocarbons was performed with an Agilent Technologies 
6890 GC coupled to an Agilent Technologies 5973 quadruple mass selective detector 
(MSD) (see Chapter 2, Section 2.6.1), using ZB-5 fused-silica capillary column (30 m 
× 0.25 mm i.d coated with 0.25 μm cross-linked 5 % -diphenyl– 95 % -dimethyl 
siloxane as stationary phase), and 1.0 g of chert powder per analyses. Blanks were 
prepared of pure DCM. 
 
4.4 Results 
 
4.4.1 Petrology and Biota 
 
The transmitted and reflected (Figure 4.9a-c) light microscopy, combined with 
electron microscopy, showed that the Rhynie chert is predominantly a fine grained 
inequigranular quartz matrix with a seriate and amygdular texture within which 
amorphous organic material, individual larger quartz grains and pyrite framboids are 
observed.  The quartz crystals are anhedral and equant and commonly clear in colour 
but pale pink and brown in patches (Figure 4.9d).  Birefringence colours are common 
low 1st order blue, white and grey with some grains exhibiting high 1st order oranges 
and pinks (Figure 4.9 e,f).  All the quartz grains have undulose extinction effects 
owing to plastic deformation.  The quartz (chert) matrix surrounds the plant material 
and has replaced the internal organic contents of cells, leaving the external cell walls 
unmineralised, either as left over organic material or pore spaces.   
 
There are amorphous brown organic-rich elongate and spherical bodies within 
localised areas of the matrix that are possibly fossilised faecal pellets, called 
coprolites (Figure 4.9d).  They may be detrital components of the sample due to their 
random orientations, fragmental nature and associations with broken quartz crystals.  
Pores and fractures are observed that are lined with layers of quartz cement of 
different generations (Figure 4.9c,f).  These are found within the chert matrix, with 
little or no effect on the plant material and were therefore formed during fossilisation, 
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or as veins that cut through the material indicating a later phase of deformation and 
fluid flow.  The pyrite crystals are found within and surrounded by the matrix of the 
samples and must therefore predate the matrix formation or have formed at the same 
time. 
 
The Rhynie chert samples analysed contain plant remains that superficially resemble 
stems (Figure 4.10a).  The stem diameters are variable due to cross section angles 
however the largest has a diameter of 6 mm.  The outer layer of the stem, the 
epidermis, is smooth where visible and comprises a single layer of cells (Figure 
4.10c).  Most of the axis comprises the cortex which is usually divided into two parts.  
In thin section images of Figure 4.10c,d,e, the division is marked by the degradation 
of the inner layer compared to the outer.  The outer cortex comprises closely packed 
elongated cells of roughly uniform size (~ 20 μm diameter) whilst the inner cortex has 
loosely packed cell remains which would have had well-developed intercellular air 
space network.  A dark brown layer can be seen in Figure 4.10a marking the boundary 
between the outer and inner cortex which is commonly formed by the presence of 
vesicular arbuscular mycorrhizae (symbiotic or parasitic fungi living within the 
intracellular and/or intercellular cavities of the degrading plant tissue).  In the centre 
of the samples there is a 3 - 4 μm diameter oval of quartz with fine filamentous detail 
in reflected light (Figure 4.10a).  This area would, in life, have contained the phloem 
and xylem of the plant, but these are missing here due to decay before silicification 
could permeate the outer rings of cells.   
 
Spores form an important part of the life cycles of modern day plants, and the same 
was true for the Devonian.  Spores (Remy and Hass, 1996) have been observed 
(Figure 4.10f) in the samples both within the plant tissues and in the chert matrix.  
They occur as individual dispersed spores between 40 and 60 μm in diameter, insitu, 
and are dissociated trilete in nature (as described by Bhutta, 1973b).  In the studied 
specimen some spores appear intact whilst others are crumpled, flattened, stretched or 
twisted (Figure 4.11b).  A greater detail of examination is difficult due to high levels 
of thermal maturity making some spores appear dark and opaque in thin section and 
others have been subjected to poor preservation.   
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The types of organisms commonly found in the Rhynie chert are described in section 
4.1.2.  Morphological analyses of the chert samples in reflected and transmitted light 
reveal several different microorganisms.  In reflected light (Figure 4.11a), dark, 
circular features are seen in the inner cortex region of the largest plant axis, either 
whole or fragmented and range in size from 40 - 60 μm in diameter.  The larger size 
compared to the plant spores mentioned previously, indicates these are probably 
chlamydospores (fungal spores - section 4.1.2).  In transmitted light these 
chlamydospores have different internal structures (Figure 4.11b) with continuously 
thick spore walls ~ 5 μm, as well as undulating wall thickenings (Figure 4.11b,c).  
Some appear to have appendages coming off the outside walls and have smaller 
spores with no internal detail nearby.  Collections of red/brown coccoid features in 
transmitted light lacking distinct internal details have been seen in Figure 4.11d, 
which may be plant spores as described above, or due to their smaller size, ~ 10 μm, 
unicells of either algae or cyanobacteria.  In transmitted light at low magnifications, 
spores are evident in the chert matrix outside of the plant axes (Figure 4.11e) but their 
internal detail is not preserved.   
 
At higher magnifications and using water to diffract light through the translucent chert 
layers, more details can be observed of the plant cells and their associated 
microorganisms (Figure 4.11f).  The milky chert matrix in Figure 4.11g appears to be 
dissected by thin pinkish threads giving it a clotted appearance.  There are also black 
spots over the matrix with green coccoid cells.  When the focus is adjusted to look 
through the top layers of the chert, these black spots are actually green in colour.  Left 
of the image are brown grass-like threads that radiate from a hemispherical surface 
forming fans.  Individual threads are < 3 μm in diameter.  Green filaments are 
observed in Figure 4.11h that occur within the chert-filled plant cells, and appear to 
thread through the individual walls.  They are seen as individual filaments ~ 100 μm 
in length, to short filament masses.  Together with these are individual green cells and 
red/brown cells/spores.  Finally, larger spherical bodies are seen that contain smaller 
bodies of different affinities.  
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4.4.2 Infra-Red Analysis 
 
Analyses were carried out on four varieties of Rhynie chert media to assess which 
type yielded the most informative mineralogical and biological results and would 
therefore be the best sample preparation method for future experiments.  Freshly 
broken smooth surfaces, powdered samples of 25 μm grainsize, polished blocks and 
unpolished thin sections were studied using a 50 * 50 μm spot size.  The freshly 
broken and powdered samples were studied as they are analogous media to that which 
would be available on Mars for in situ analyses.  The polished blocks and thin 
sections were used as they are standard practise in sample preparation, are the best 
methods for identification of silicified components within deposits and their value in 
biomolecular studies needs to be evaluated.   
 
4.4.2.1 Fresh Surface 
 
Analyses were conducted on a part of the fresh surface (Figure 4.12) that included a 
plant stem, a layer of photosynthetic organisms and the chert matrix with green flecks 
throughout (Figure 4.12).  Average spot analyses in the green areas produced quartz-
like spectral peaks at 1068 and 1210 cm-1 with a weak Christiansen feature at 1278 
cm-1.  An uneven spectral signature exists up to 2000 cm-1 potentially formed by 
functional groups such as amides, H2O, C=O and COOH.  The percentage reflectance 
of these is < 2.5 %.  At wavenumbers 2852, 2924 and 2946 cm-1, υ(CH2) symmetric, 
υ(CH2) asymmetric and υ(CH3) asymmetric bands are observed respectively, 
connected to a broad υ(OH) band 2984 - 3568 cm-1.  Analyses taken from the chert 
matrix however produce twin peaks at 1076 and 1188 cm-1, recognised as quartz (e.g. 
Wald and Salisbury, 1995) with no detectable bands indicative of organics.  
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Figure 4.9 Mineralogy and textures of the Rhynie chert in reflected and transmitted light.  a. Polished block, scale bar = 5 mm.  b. Reflected light image of clastic chert 
matrix surrounding plant material, scale bar = 5 mm.  c. Chert filled vug, scale bar = 5 mm.  d. Plane polarised transmitted light image of pink chert matrix and coprolitic 
features, scale bar = 10 μm.  e. Cross polar transmitted light image of chert matrix, scale bar = 10 μm.  f. Cross polar transmitted light image of a chert-filled vug.  Three 
episodes of cementation are observed beside mineralised plant cells, scale bar = 10 μm. 
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Figure 4.10 Plant characteristics of the Rhynie chert.  a. Reflected light image of plant stems and surrounding matrix, scale bar = 2 mm.  b. BSE image.  Plant cell and 
spore outlines are visible due to porosity, scale bar = 200 μm.  c. Transmitted light image of the outer edge of a plant stem.  The single cell epidermis, elongate outer 
cortex cells, and boundary with the inner cortex are visible. Scale bar = 50 μm.  d. Transmitted light plant cells.  Black spots are green cells and pyrite crystals, scale bar = 
50 μm.  e. Cross polar image of plant cells.  Outlines of the cells are identifiable due to the lack of mineralisation, organic content or porosity, scale bar = 50 μm.  f. Plant 
cell image containing a trilete plant spore, scale bar = 50 μm. 
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Figure 4.11 a. Chlamydospores in plant axis in reflected light.  b. Two types of fungal spores (arrows) and chlamydospores.  c. Composite image of chlamydospore.  d. 
Brown/red unicell cluster.  e. Plant cells with spores.  Lower arrow identifies plant spores, whilst top arrows indicate algal unicells.  f. Plant cells with red and green algal 
cells.  g. Chert matrix with cyanobacteria, fungal hyphae and algal or cyanobacterial cells.  h. Plant cells with cyanobacterial/algal green filaments and cells, and possible 
red algae.  i. Chytrid.  Scale bars = 50 μm.  
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Figure 4.12 Visible image of fresh Rhynie chert surface, scale bar = 100 μm.  The top right corner of 
the image is plant cortical tissue.  IR reflectance spectra taken of areas are indicated by red arrows. 
 
4.4.2.2 Powdered Samples 
 
Average analyses of the powdered samples produced spectra such as that in Figure 
4.13.  Visible images of the powder show the white and dark chert crystals with 
orange areas of rust or microorganisms described earlier.  The spectra show the twin 
peaks of quartz but with a lower percentage reflectance, ~ 12 %, than the fresh chert 
matrix analyses.  The Christiansen feature is still visible at 1300 cm-1.  Peaks 
representative of carboxyl group molecules, amides and δ(H2O) are present with a 
major reflectance response between 2000 and 3000 cm-1.  The υ(CH2) and υ(CH3) 
bands are present at 2850, 2920 and 2948 cm-1 and the broad υ(OH) band around 3400 
cm-1. 
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Figure 4.13 Visible image of powdered Rhynie chert, scale bar = 200 μm.  Spectra shown taken at 
point indicated by red arrow. 
 
4.4.2.3 Polished Blocks 
 
A difference in reflective spectral response is observed in the polished block samples 
(Figure 4.14a,b).  Here, analyses were taken throughout the plant axes where 
microorganisms had been observed in reflected and transmitted light microscopy.  
The spectra obtained showed the now common quartz peaks, but no other functional 
groups producing an extremely smooth profile that matches the quartz wedge standard 
used to test the spectrometer.  This is interesting considering the known organic 
content of the selected areas.  Further analyses were done within areas of known 
spores, the faint outlines visible in the visible light image (Figure 4.14b).  This too 
produced a smooth quartz spectrum with no indication of organic material.  The 
visible images were also different with individual crystal detail absent creating the 
appearance of a homogenous matrix.   
 
4.4.2.4 Thin Sections 
 
The thin sections were made to identify the types of organisms fossilised within the 
samples (Figure 4.15a,b).  Areas found to contain organisms were studied with IR 
reflected light and as observed in the polished blocks, organic bands were missing 
from the spectra.  Quartz spectra were recorded at all sites investigated.  In visible 
images however the light and dark chert crystals are observed, as well as the green 
and orange microorganisms and the spores within the plant axes.   
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Figure 4.14 a. Visible image of the polished block sample. A clastic chert matrix and faint spore 
outlines can be seen, scale bar = 300 μm.  A sample spectra taken from the microorganism rich layer is 
shown.  b. Faint outlines of spores within the plant axis, scale bar = 20 μm, and chert spectrum. 
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Figure 4.15 a. Visible image of the thin section of the Rhynie chert, scale = 200 m.  Plant cells, chert, 
green and orange microorganisms can be seen.  Spectra location indicated by red arrow.  b. Visible 
image of spores within the plant axis with associated spectrum. 
 
4.4.2 GCMS Analysis 
 
GCMS was conducted on multiple powdered samples of the Rhynie chert in order to 
remove any sample heterogeneity (Figure 4.16), all producing the same results.  In 
contrast to the recent silica sinters described in chapter 3, section 3, no fatty acid 
molecules were identified.  Using a 57 m/z extracted ion chromatogram the alkanes 
present in the samples are shown in Figure 4.16.  Alkanes with carbon numbers from 
17 - 27 were observed with no odd number predominance.  The pristine (Pr) and 
phytane (Ph) peaks have a medium ratio of 0.45.  Other high abundance peaks were 
due to 1,2-Benzenedicarboxylic acid. 
 
4.5 Discussion 
 
4.5.1 Textures of Microorganisms 
 
The Rhynie chert represents one of the oldest silica sinters on Earth and therefore 
provides the opportunity of investigating the preservation of mineralogical, textural 
and most importantly biochemical signatures of microorganisms within sinters.  The 
plant remains are tentatively identified as Aglaophyton major, although strong 
similarities exist to Rhynia gwynne-vaughanii.  The main difference between these 
two plants is the difference in vascular anatomy, and Rhynia gwynne-vaughanii is 
typically thinner in diameter.  Silicification of these plants has only permeated the 
outer ring of cells so the centre has later decayed and is now filled with chert.  There 
is no vascular detail in the samples to aid identification so comparisons based on 
morphology alone (from Edwards, 1986) have been used.  The creeping rhizome 
described in Section 4.1.2 is cylindrical and naked with a similar morphology and 
internal anatomy to the upright aerial axis.  Both have stomata but only the rhizome 
has rhizoids, however, neither of these details has been observed in these samples, to 
aid in identification of the plant region.   
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Figure 4.16 57 m/z extracted ion chromatograph.  Carbon numbers are placed above their respective 
alkane peaks. 
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The ‘aerial’ axes of the plants however should display infestation by fungi, chytrids, 
chlorophytes and/or cyanophytes which have been observed in the samples. 
 
The organisms described in section 4.4.1 have been extensively studied in the Rhynie 
chert and morphological comparisons have been made to the published literature.  The 
chlamydospores (Figure 4.11a-c) as observed in the current sample are thick walled 
resting fungal spores found in the stem of Aglaophyton major.  The small black dot 
within one of the spores (arrow in Figure 4.11b) may be an internal mycoparasite.  
The thickened cell walls, callosities, (Figure 4.11c) are a response to an invading 
mycoparasite (Godfrey, 1957).  The brown appendages observed are possibly 
epibiotic chytrid thalli attached to the outer surface or hyphae from germination 
(Taylor et al., 2004).  Several types of fungi produce chlamydospores and simple 
spores and are hard to differentiate in the current sample; however, the smaller spores 
in Figure 4.11b are a different fungal species to the larger ones.  Throughout the 
sample matrix there are spores observed either as individuals or as masses.  Without 
internal or surface details it is hard to place these taxonomically, but they are never 
the less evidence of different life cycle stages of plants and fungi.  The cells in Figure 
4.11d and h may be collections of spores or unicells belonging to green and/or 
possibly red algae, which have not been previously described in the Rhynie chert.  
They bare striking resemblance to cells observed by Butterfield (2000) of a 1.2 Ga old 
filamentous bangiophyte from arctic Canada.  Affinities of fossil algae remain 
uncertain, primarily because modern classifications of algae are based on biochemical 
and ultrastructural features which are rarely or never preserved in the fossil record 
(Edwards and Lyon, 1983).  Positive interpretations are hindered by the variable 
preservation of cell contents, size and simple morphologies. 
 
The brown radiating grass-like filaments observed in Figure 4.11g bear a striking 
resemblance to an aquatic sessile, colonial cyanobacterium described from the Rhynie 
chert by Krings et al (2007).  It would have grown on substrate surfaces, akin to 
modern day microbial mat formers.  The surrounding chert matrix has a clotted 
appearance due to endotrophic mycorrhizae, which are fungal hyphae that grow 
within cortical cells of plants sharing a symbiotic relationship (Taylor et al., 1995).  
These fungal hyphae are found to crowd the intracellular spaces in the cortex and 
were mainly terrestrial symbionts, however, like many fungi may be become 
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saprophytic once the host plant died.  The green cells in this slide are of either algal or 
cyanobacterial origin, the green colour itself indicating the presence of chlorophyll, a 
pigment used in photosynthesis, which is a process that fungi do not perform. 
 
 The green filaments observed are either cyanophytes (cyanobacteria) or chlorophytes 
(green algae).  Both can exist as multicellular filaments and contain chloroplasts.  The 
algae however attain their chloroplasts by symbiotic associations with cyanobacteria.  
The main difference between these two groups that can be used in analysis of these 
samples is filament widths.  Chlorophyte algal filaments, e.g. Rhynchertia punctata, 
have filament widths of 8 - 17 μm whilst cyanophytes are thinner, 2 - 4 μm.  The 
filaments in Figure 4.11h are ~ 3.5 μm in diameter, indicating a probable 
cyanobacterial origin however, more factors need to be taken into account for a more 
accurate identification.  Green unicells are also visible and could be algal or 
cyanobacterial but cell diameters match those of the filaments.  Cyanobacteria enter 
the axes of the plants through the stomatal pores, and colonise the axes through the 
outer cortical tissues and mycorrhizal arbuscule zone by growing through the 
intercellular system (Taylor et al., 2005).  Finally, Figure 4.11i shows a chytrid, a 
parasitic fungus that contains eukaryotic algae and/or cyanobacteria. 
 
4.5.2 FTIR of Biochemical Signatures 
 
FTIR reflectance spectroscopy has been shown in Chapter 3 to be an effective 
technique to identify biomolecules within modern amorphous siliceous hydrothermal 
deposits.  The Rhynie chert provides the opportunity of investigating the degree of 
preservation of biomolecules over geological time.   
 
In the Rhynie chert analyses, the main mineral identified was microcrystalline quartz 
and is visible in every spectrum obtained.  The organic components of the chert are 
visible in reflected light and can be seen in the spectra taken on fresh and powdered 
media.  However, in polished block and thin section samples, the organic reflectance 
bands are absent.  This may be due to the fact that the microorganisms observed in 
transmitted light are in the chert subsurface, only visible due to the translucent nature 
of quartz.  The IR beam has a < 14 μm depth of penetration into the sample, 
Chapter 4: The Rhynie Chert 
145 
depending upon the wavelength, so in polished sections where the top surfaces of the 
samples are removed, the organics may not be near enough to the surface for 
detection.  The thin section, for this reason, was left unpolished but still no organic 
bands were detected.  The size distribution and number distribution will strongly 
influence whether organic material appears at the surface of the section and can be 
detected.  Large bodies (with dimensions equivalent to thin-section thickness) have a 
probability of 1 of intersecting the surface, smaller bodies have a probability that 
decreases with size and increases with their abundance. Accumulations of small 
bodies, related to the spatial distribution, act like larger bodies.  Also the volume and 
size ratio of chert crystals to organics is high and so the organic components may 
become difficult to recognise within the mineralogical spectrum.   
 
Research carried out by Boyce et al (2001) using electron microprobe carbon 
elemental mapping, showed that organic carbon in these fossilised plants and 
organisms in the Rhynie chert is sporadic, with some cell walls constituting of up to 
70 % silica.  This further hinders obtaining an IR hydrocarbon spectrum.  The broad 
υ(OH) band observed due to O-H stretching vibrations (Tamm and Tatulian, 1997) 
may indicate fluid inclusions, water of hydration or water held in a crystal structure 
(Anderson et al., 2005).  Unlike the hydrated opal-A (SiO2.nH2O) silica sinters of 
Chapter 3, the chert (SiO2) in the current samples does not contain appreciable water 
in the crystal lattice, therefore the υ(OH) band may be caused by water contained 
within the sample in another form.  Fluid inclusions within quartz grains have been 
observed (Rice et al., 1995) and used together with fluorination of mineral and whole 
rock silicates to obtain δ18O, δ13C and δD of the cherts and the fluids responsible for 
their formation.  A low salinity meteoritc fluid that had interacted with basement 
rocks and sediments (Rice et al., 1995) was responsible for the cherts and this may be 
what is detected within the IR spectra. 
 
Alkanes are saturated hydrocarbons that act as a scaffold for the addition of 
biologically active functional groups of a molecule.  They can form fatty acids and so 
when identified in geological samples can be viewed as the degredation products of 
fatty acids and other biologically relevant molecules.  The Rhynie chert GCMS data 
contains a range of n-alkanes that imply algae were/are important in the deposit 
(Blumer et al., 1971) i.e. an algal signature is suggested by the dominance of n-
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alkanes with carbon numbers between 20 and 30.  Although there is a high proportion 
of fossilized plant material in the samples, the spread of alkane peaks is not skewed 
towards C23 - C31, which would be indicative of terrigenous higher plants and 
epicuticular waxes (Eglinton and Hamilton, 1967).  The spread of peaks does not 
show an odd over even predominance indicating that the samples are mature (Scalan 
and Smith, 1970).  The ratio of Pr to Ph indicates that the conditions the deposit was 
under were potentially anoxic (Didyk et al., 1978).  The 1,2-Benzenedicarboxylic 
acids are part of a chemical group derived from phthalic acid, an organic compound 
that can form when hydrocarbons are oxidised by sulphuric acid.  This biomolecule 
could have been formed due to the sulphuric environment of a hot spring postulated to 
have existed 396 Ma ago at Rhynie, however contamination with plasticizers is also 
likely.  Together with the υ(CH2) and υ(CH3) IR data, this highlights not only the 
potential of organics in ancient deposits to be observed, but also through careful and 
detailed analyses the ability to identify them in ancient hydrothermal deposits 
analogous to modern day ones. 
 
Within the Rhynie chert deposit, the process of organic matter maturation will be 
important.  Diagenesis occurred within the low temperature thermal enivornment 
during burial; destroying organic matter, changing the composition of that which 
remained and also rapidly preserving it.  The effects of diagenesis within the chert can 
be seen as late quartz fills within voids or pore spaces.  The overprinting of quartz has 
been shown in Chapter 3 to destroy primary fabrics of microorganisms and also 
biomolecules, however, the location of many microorganisms and spores within plant 
axes may have afforded them some level of protection and therefore allowed 
preservation of some of the organic components without mineralisation by silica. 
 
4.6 Implications 
 
Knowledge of ancient terrestrial hydrothermal systems, how they preserve biological 
information and how to detect this information is important in unravelling the history 
of life on the Earth and the possibility of finding extinct life on Mars. 
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This study of fossilised organic material in a 396 Ma old terrestrial hot spring has 
yielded encouraging results.  Floral and faunal fossils within the Rhynie chert are 
common knowledge but new analyses of these using IR reflectance spectroscopy 
identified biomolecules such as hydrocarbons and OH molecules that are potentially 
derived from the fossilised biota.  GCMS data indicated that the samples are rich in 
algal-type alkanes and carboxylic acids.  They are mature and were exposed to anoxic 
conditions but still preserve sporadic organic information due to rapid 
permineralisation and quick burial.   
 
The earliest known evidence for life on Earth comes from the > 3.7 Ga old Isua 
metasediments as microfossils and carbon isotopes (Pflug and Jaescke-Boyer, 1979; 
Shidlowski, 1988; Robbins and Iberall, 1991; Mojzsis et al., 1996; Rosing, 1999).  
These interpretations, however, have been challenged as metamorphic processes can 
fractionate carbon to imitate a biological signal (van Zuilen et al., 2000) and recent 
endolithic bacteria can be fossilised within rocks influencing the signal from rocks 
measured in bulk or microfossils liberated from bulk samples (Westall and Walsh, 
2001).  All the earliest morphological microfossils have been also preserved by 
silicification demonstrating that silica precipitation is the most important process in 
the preservation of microorganisms over geologically significant periods.  Silica ions 
in solution chelate to various exposed functional groups on the organic substrate, 
polymerise and dehydrate, replacing the original organic material (Westall et al., 
1995; Toporski, 2001) with organic molecules remaining trapped in the mineral 
matrix in varying degrees (Westall, 1999).  This type of preservation, as described 
above in the Rhynie chert, is proven to maintain geochemical information for billions 
of years.  Identification of similar deposits on other planetary bodies is of major 
astrobiological importance.     
 
The Rhynie chert formed within a basin that was filled by clastic material of 
sandstone and conglomerates with tuff from a nearby andesitic volcano (Rice et al., 
2002).  A fluvial system was developed along the axis of the basin, followed by a low 
energy fluvio-lacustrine environment.  The cherts were deposited late in the basin 
history by fluids that were controlled by basin margin faults, and were hosted by the 
lacustrine and flood plain deposits (Rice et al., 2002).  On Mars, sedimentary 
materials (of volcanic origin) were produced and deposited by aeolian, mass wasting, 
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fluvial, lacustrine, and potentially marine and glacial processes (Komatsu and Ori, 
2000).  The produced sediments were/are stored in topographic depressions that 
include impact craters, valleys, canyons, the northern plains and the sub-basins 
(Komatsu and Ori, 2000).  These localities, by nature of formation, will have 
associated fractures and faults which would be conducive for hydrothermal 
circulations beneath the surface.  Continued deposition of sediment by fluvial and 
lacustrine process, and then through aeolian processes in more recent times, will have 
buried these hydrothermal deposits, preserving the life they may have contained in a 
similar way to the Rhynie chert. 
 
Silicification promotes preservation of microorganisms and biomolecules through 
protection from later solutions and organic degredation but another advantage is that 
the resulting deposits are harder units and therefore less prone to reworking and 
removal prior to burial.  The 3490 - 3240 Ma old rocks of the Pilbara Supergroup in 
the Pilbara Craton show that most of the bedded chert units originated as epiclastic 
and evaporative sedimentary rocks that were silicified by repeated pulses of 
hydrothermal fluids.  Fossil stromatolites in the 3490 Ma old Dressler Formation are 
associated with the chert and barite precipitates from hydrothermal vents, suggesting 
that the microorganisms may have been chemoautotrophic hyperthermophiles (Van 
Kranendonk, 2006).  Emissions were erupted into shallow water, a tectonically active 
caldera and concentrated to produce an extreme habitat for early life.  Silicified 
pyroclastics have also been observed in the Glencoe Caldera, Scotland, whereby the 
silicification enabled these soft deposits to be preserved.  The abundance of such 
deposits on Earth relates to their survival of the planets pervasive tectonic reworking, 
exhumation to the surface, and surface weathering.  On Mars this situation could have 
easily been recreated as it has a simpler tectonic environment, much slower surface 
erosion rates and global redistribution of eroded particulates through aeolian 
processes means that evidence of silica sinters may be more easily found. 
 
4.7 Conclusions 
 
The Rhynie chert was originally deposited as sinter from Early Devonian hot springs 
and contains exceptionally well preserved fossils of some of the earliest plants and 
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animals to colonise the land.  Plant stems of Aglaophyton major have been observed 
partially silicified in upright position and with associated fungal chlamydospores and 
hyphae, plant spores, algal unicells, cyanobacteria, and a chytrid.  FTIR analyses of 
the samples showed that studies conducted on broken, freshly exposed surfaces and 
powdered substrates yielded the most informative biomolecular information.  Bands 
representing υ(CH2) symmetric and asymmetric and υ(CH3) asymmetric bands 
connected to a broad υ(OH) band are detected from algae, spores and cyanobacteria.  
Analyses taken from the chert matrix produce quartz spectra (e.g. Wald and Salisbury, 
1995) with no detectable bands indicative of organics.  The ability of FTIR to detect 
biomolecules within fresh and powdered surfaces increases the potential for these 
organics to be identified within silica sinters on Mars.  GCMS analyses produced a 
spread of alkanes indicative of a dominantly algal source, irrespective of the visual 
dominance of plant material.  The deposit is also postulated to have formed under 
anoxic conditions.   
 
Silicified microfossils are more resistant to weathering or dissolution which renders 
them more readily preservable in the long term.  This is of particular interest in 
astropalaeontological research considering the similarities of the early evolution of 
Mars and Earth.  Microorganisms have been shown to be preserved in early Archean 
hydrothermal environments (e.g. Westall et al., 2001) and such environments may 
have been present on early Mars (Walter and Des Marais, 1993; Farmer, 1996), 
prompting the inference that should life have been present, Martian microfossils could 
have been silicified.   
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Chapter 5 
 
HYDROTHERMAL ACTIVITY AT 
THE CHICXULUB IMPACT 
CRATER 
 
5.1 Introduction 
 
An anomalous clay layer observed at the Cretaceous/Tertiary (K/T) boundary led 
Alvarez et al (1980) to propose that there had been a large impact around 65 Ma ago.  
The Chicxulub impact crater in Mexico (Hildebrand et al., 1991; Swisher et al., 1992; 
Sharpton et al., 1996; Pope et al., 1993; Camargo-Zanoguera and Suarez-Reynoso, 
1994; Ward et al., 1995) is the site of this event.  It is one of the three largest 
terrestrial impact craters (Vredefort, Sudbury, and Chicxulub) and by far the best 
preserved (Abramov and Kring, 2007).  In the winter of 2001/2002 the first project to 
core into the impact structure was executed, drilling to 1510 m and named Yaxcopoil-
1.  Intact core sample of 900 m was recovered including the transitions of reworked 
ejecta to post-impact sediments, and from large blocks of tilted target material to 
impact-generated rocks.  Mineralogical and isotopic evidence for hydrothermal 
circulation within the impact crater described below potentially provides an ideal 
habitat for extremophilic microorganisms.  This scenario is expected to have occurred 
on Mars where impact processes may be an important thermal driver given the 
probable low levels of magmatic activity, and may be where the evidence of Martian 
life now resides. 
  
5.1.2 Structure 
 
The Chicxulub crater is the largest known Phanerozoic impact structure and was 
created by an impacting bolide at least 8 km in diameter.  The crater is located partly 
offshore at Yucatán, Mexico (Figure 5.1) (N 21° 20´ W 89° 30´). 
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Figure 5.1 Google Earth image of the surrounding area of the Chicxulub impact site [accessed: 
11/03/08]. 
 
A contentious suggestion is that the bolide was a CM2 Chondrite (Koeberel, 1997), 
and was part of a larger asteroid that broke up in a collision in space > 160 Ma ago 
(Bottke et al., 2007).  The initial bowl-shaped crater was unstable, causing its walls to 
collapse along a series of faults that enlarged the crater to 145 - 180 km (Figure 5.2).  
The rock that was compressed beneath the impactor rebounded and produced a central 
peak-ring structure, with less seismically pronounced features interpreted as outer ring 
structures in the periphery of the crater (e.g. Morgan et al., 1997; Morgan and Warner, 
1999). Other structural characteristics detected at the Chicxulub crater are a central 
uplift and a central melt sheet.  The impact site was in a shallow sea and so seawater 
flooded in to fill the depression, burying the crater with sediment.  The crater 
sequence is covered by post impact Tertiary carbonates that thicken from a few 
hundred meters to more than a kilometre in the interior of the basin.   
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Figure 5.2 Schematic cross section of the crater, Abramov and Kring (2007) modified from Morgan et 
al (2002). 
 
Its surface expression is a roughly 180 km diameter semicircular ring of cenotes (sink-
holes in the carbonate platform) (Pope et al., 1996).  These cenotes imply there was a 
water basin inside the feature during the Tertiary (Hildebrand et al., 1991).  The crater 
has a clear gravitational (Figure 5.3) and magnetic signature.   
 
 
Figure 5.3 The Chicxulub basin is expressed as a broad, nearly circular region in which gravity values 
are 20–30 mGal lower than regional values. The image has been artificially shaded using a low 
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illumination angle from the north to emphasize broad low-amplitude anomalies. All data have been 
Bouguer corrected using a model slab density of 2200 km/m3.  Numbers along the margins of the 
image refer to Universal Transverse Mercator coordinates given in meters. The irregular white line 
marks the shoreline of the Yucatán Peninsula, and the straight lines mark province borders (Sharpton et 
al., 1993, http://www.lpi.usra.edu/publications/slidesets/craters/index.shtml, accessed: 11/03/08). 
 
Four drill holes were undertaken inside the crater, however only Yaxcopoil-1 (Yax-1) 
at the Hacienda Yaxcopoil, approximately 40 km southwest of Mérida, Yucatán (20° 
44' 38.45" N, 89° 43' 06.70" W), is a scientific borehole.  It is located ~ 68 km from 
the centre of the impact structure, in the faulted outer part of an annular trough or at 
the rim of the excavation cavity (Dressler et al., 2004).  The impact breccia was 
encountered at a depth of ~ 795 m beneath Tertiary limestones, minor chert and 
conglomeritic calcareous mass flows (Dressler et al., 2004).  Only 100 m of impact 
breccias and melt rocks were discovered before the drill encountered Cretaceous 
limestones, dolomite, and anhydrite cut by various minor impact breccia dykes.  The 
Cretaceous rocks make up several large megablocks (Dressler et al., 2004).         
 
5.1.3 Petrology 
 
The Yax-1 core contains impactites, a term which describes any rocks that are created 
or modified by an impact event.  The 100 m thick impactite sequence (795 - 895 m) of 
Chicxulub has been divided into 6 units by Dressler and (Dressler et al., 2004).  This 
is a complex layered sequence consisting of suevite-type polymict breccias with a 
variety of shocked target rock fragments and melt particles that are embedded in a 
calcite-rich clastic matrix.   
 
The Tertiary rock cover, 0.00 - 794.63 m, is made of sedimentary rocks, massive, 
laminated and cross-laminated calcarenite, calcareous siltstone and minor chert.  
Below the impactite sequence, 894 - 1511 m, the lithology consists of limestones, 
dolomites and anhydrites (Stinnesbeck et al., 2004).   
 
• Unit 1 - Redeposited suevite (794.63 - 808.02 m).  This unit is melt-rich with an 
average clast size < 0.5 cm and good clast sorting.  Laminations occur in the top 
1.60 m with occasional weak horizontal alignments of elongate clasts composed of 
target rocks and melts of various colours.  The groundmass is carbonaceous and 
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greenish-grey in colour.  The contact with the overlying limestone is gradational 
for 20 cm, whilst the contact with unit 2 is abrupt.   
• Unit 2 - Suevite (808.02 - 822.86 m).  Unit 2 is melt-rich and coarser grained than 
unit 1.  The groundmass is greenish grey and carbonaceous with clasts of basement 
rocks, sedimentary rocks, and melt, between 3.5 and 9.0 cm in size.  The contact 
with unit 3 is abrupt. 
• Unit 3 - Chocolate brown melt breccia (822.86 - 845.80 m).  Chocolate-brown in 
colour when wet with a very fine-grained to aphanitic groundmass. Some melt 
fragments exhibit long, schlieren-like shapes suggestive of flow.  There are 
relatively few large clasts, but basement rocks, sedimentary rocks and melt are 
observed.  The contact with unit 4 is gradational. 
• Unit 4 - Variegated, glass-rich suevitic breccia (845.80 - 861.06 m).  The 
groundmass is similar to that of unit 3 with a wide variety of laminated and 
unlaminated melts of various colours, shapes, and sizes.  Shapes suggest flow and 
ductile and brittle deformation.  Clasts of basement rocks, sedimentary rocks and 
melt are observed.  The contact with unit 5 is abrupt. 
• Unit 5 - Green, monomict autogene melt breccia (861.06 - 884.92 m).  Green melt 
fragments are observed in an arrangement similar to that in a rhyolite flow top 
breccia.   Inclusions are relatively scarce but, in places, large: basement rocks < 6.4 
cm, and sedimentary rocks < 40 cm.  Green melt fragments are < 15 cm.  The 
shapes of basement rock inclusions are suggestive of incipient melting.  The 
contact with unit 6 is partly gradational and sometimes abrupt. 
• Unit 6 - Variegated polymict, allogenic clast melt breccia (884.92 - 894.94 m).  
This unit is rich in melt fragments that are commonly laminated and of various 
colours.  They have contorted and shard-like shapes, and, in places, exhibit shapes 
suggestive of welding.  Green melt fragments as in unit 5 are present but are 
commonly tan in colour.  Carbonate melt fragments occur throughout the unit with 
carbonate melt at the bottom with inclusions of target rocks and melt.  The clasts 
consist of basement rocks, sedimentary rocks, and melt. 
 
Units 1 and 2 are redeposited suevite and suevite deposited after emplacement of the 
ejecta curtain debris.  Units 3 and 4 are interpreted as a ground surge deposit similar 
to a pyroclastic flow, comprising a fine grained top nuée ardente and a coarse breccia 
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below respectively.  These units therefore contain clastic matrix breccia and melt 
breccia and when combined with Units 5 and 6 are related to the ejecta curtain.  Units 
5 and 6 reflect an overturning of the target stratigraphy.  These superheated breccias 
reacted with incoming seawater to create explosive activity comparable to 
phreatomagmatic steam in volcanic regimes, causing further brecciation (Dressler et 
al., 2004). 
 
5.1.4 Hydrothermal Alteration 
 
Samples from the Yax-1 core indicate that the Chicxulub impact generated a 
hydrothermal system (Zürcher and Kring, 2004).  Impact generated fluid regimes have 
the ability to encompass large volumes of the Earth’s crust.  Post impact hydrothermal 
activity has been recognised at the Siljan crater (Komor et al., 1988), the Puchezh-
Kantunki crater (Pevzner et al., 1992), Haughton (Bain et al., 1988; Osinski et al., 
2001) and Sudbury (Grieve and Masaitis., 1994; Therriault et al., 1999).  Also, 
degassing of volatiles from impact breccias have been described at Ries crater 
(Newsom et al., 1996).  The hydrothermal system at Chicxulub may be one of the 
most extensive and best-preserved for study (Zürcher and Kring, 2004). 
 
Impact related hydrothermal systems are important because the composition and 
crosscutting relationships of hydrothermal alteration products can provide constraints 
on crater formation times (Zürcher and Kring, 2004), fluid regimes after impact, and 
post-hydrothermal weathering and diagenesis.  The products of hydrothermal 
alteration can be used to estimate the evolution of temperature profiles in different 
parts of the craters, and the fluids can also form economically important mineral 
deposits (e.g. at Sudbury, Ames et al., 1998).  Hydrothermal fluids may also play a 
role in the origin and evolution of early life (Kring, 2000a,b). 
 
The Yucatán-6 borehole displayed the first evidence of post impact hydrothermal 
alteration at Chicxulub (Kring et al., 1991; Kring and Boynton, 1992; Schuraytz et al., 
1994; Gonzalez-Partida, 2000), located ~ 50 km from the centre of the structure.  The 
Yax-1 borehole 60 km from the centre also showed extensive hydrothermal alteration 
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(Ames et al., 2003; Hecht et al., 2003; Lüders et al., 2003; Zürcher and Kring, 2003; 
Zürcher et al., 2003).  
 
The hydrothermal event at Yaxcopoil-1 evolved from an early Ca-Na-K metasomatic 
to a late hydrous phase dominated stage.  Early calcite, halite, gaylussite 
(Na2Ca(CO3)2.5H2O) and minor gypsum suggest that the impactite sequence was 
permeated and modified by a low temperature saline brine before the onset of 
hydrothermal activity (Zürcher and Kring, 2004).  A > 300 °C high temperature 
thermal regime developed later indicated by secondary diopside - hedenbergite that 
replaced primary augite and widespread Na-K for Ca metasomatic alkali exchange in 
plagioclase feldspar.  Hydrothermal sphene, apatite, magnetite and/or bornite 
(Cu5FeS4), as well as early calcite were introduced during feldspar metasomatism.  A 
lower temperature regime (< 300 °C) extensively overprinted the early hydrothermal 
stage, characterised by smectite that replaced primary glass, secondary chlorite, and 
other pre-existing mafic minerals, as well as very abundant calcite veins and open 
space fillings (Zürcher and Kring, 2004).  The composition of early and late 
hydrothermal minerals indicate the fluid was chlorine rich (Cl/F > 10) and its Fe/Mg 
ratio and oxidation state increased as temperature decreased over time.  The most 
altered impactite zone is 30 m above the impact melt.  Convective modelling 
contraints and the lack of mineralogical zoning suggests that the impact melt unit was 
too thin at Yax-1 to provide the necessary heat to drive fluids, so the hydrothermal 
system may have resulted from the combined effects of a pre-existing saline brine, 
probably derived from the evaporate target rocks below the sequence, and heat that 
has travelled to Yax-1 from adjacent areas where the melt sheet was thicker (Zürcher 
and Kring, 2004).  The impactite section was also subjected to subaerial and/or 
subaqueous weathering before deposition of the Tertiary marine cover. 
 
Analyses of core samples suggest the evolution of a post-impact hydrothermal system 
at the Chicxulub crater proceeded by gravity driven rapid draining of the rim and a 
partial flooding of the crater cavity by groundwater and/or seawater.  This water 
would have quickly infiltrated the permeable breccias over the melt, resulting in a 
short-lived period (~ 2000 yr) of intense steam emission followed by the circulation of 
water through the breccias (Abramov and Kring, 2007).  Over time, long-lived 
upwellings would have developed, most notably in the annular trough between the 
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peak ring and the outer wall and below the peak ring because of deep fragmentation.  
Based on modelling using HYDROTHERM, a three dimensional finite-difference 
computer code that simulates water and heat transport in porous media (Hayba and 
Ingebritsen, 1994), multiple convection cells were identified as forming over the 
cooling central uplift in the later stages of the hydrothermal system, and eventually 
joined into a single central upwelling.  Abramov and Kring (2007) predict that a 
hydrothermal system at the Chicxulub crater remained active for 1.5 to 2.3 Ma, 
depending on permeability, with conduction the dominant form of heat transport.  The 
long system lifetime and large habitable volume created by this system makes it 
possible for near-surface ecosystems of extremophiles to exist. 
 
5.1.5 Significance for Astrobiology 
 
The Chicxulub impact crater may have economic potential as a mineral resource or a 
hydrocarbon habitat.  At some craters carbonaceous material has been incorporated 
into impactites and other rocks post impact, potentially as the result of hydrothermal 
activity (Gilmour et al., 2003).  The instigation of a hydrothermal system at 
Chicxulub for up to 2.3 Ma following the impact and the consequent potential 
mobilization and migration of organic matter and other biologically important 
nutrients is a mechanism for potential primitive habitats to develop on Mars (Rathbun 
and Squyres, 2002).  
 
5.2 Aim 
 
The aim of this research is to mineralogically analyse, via SEM and IR, different 
components of hydrothermally altered impactite that could be used to identify impact-
generated hydrothermal systems on Mars.  Secondly, the organic contents of the 
samples are to be examined as potential biomarkers for Mars.  The microbial or oil-
related affinity of these biomarkers will be examined. 
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5.3 Materials and Methods 
 
5.3.1 Materials 
 
Due to the soft and fragile nature of the samples once cut, Yax-1 impactite sequence 
units were made into polished blocks.  The polished blocks in Figure 5.4 are from 
Units 5, 2 and 3 of the impactite sequence described in section 5.1.3 and by Dressler 
et al (2004).  The sample from Unit 5 is from 866.64 m, number 344; Unit 2 is from 
812.03 m, number 341; and Unit 3 from 832.33 m, number 342.   
 
Figure 5.4 De-carbon coated impactite polished blocks. 5 - impact breccia and melt rock, 2 - suevite 
and 3 - chocolate brown melt breccia.  Each polished block is 4 cm in diameter. 
 
Hydrocarbon-bearing laminated black calcarenite from 1405.085 m depth has been 
used for the destructive GCMS analysis to understand the organic geochemistry at 
Chicxulub (Gilmour et al., 2003).  This was obtained from core 500 m below the 
impactite sequence units (Figure 5.4) in this study.  The calcarenite, number 1756 
from core box 419, contains intraclasts, synsedimentary microfaulting and soft 
sedimentary deformation features (Gilmour et al., 2003). 
 
5.3.2 Electron Microscopy 
 
High resolution BSE images were taken of the impactite polished blocks using a 
JEOL5900LV (Chapter 2, Section 2.3.4) operating at 20 kV in high vacuum with a 
working distance of 10 mm and a spot size of 58.  This was carried out to determine 
the mineralogies and textures of the impactite units.  Analyses were carried out via 
EDS using Oxford Instruments Inca microanalyser software. 
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5.3.3 Infra-Red Spectroscopy 
 
IR spectroscopy was conducted using a Perkin Elmer Spectrum One spectrometer 
with a Perkin Elmer AutoIMAGE FT-IR Microscope attached (see Chapter 2, Section 
2.2.3).  Samples of impactite as polished blocks were analysed over a spectral range 
of 4000 - 700 cm-1 using an aperture of 50 * 50 μm.  Illumination of the samples was 
variable depending upon mineralogy and topography of sample, 37 - 69 %.  Standard 
reference materials of gold and quartz were used. 
 
5.3.4 GCMS 
 
The sample preparation and GCMS method used is described by Gilmour et al (2003).  
The samples of calcarenite were crushed and powdered and were solvent extracted 
using dichloromethane (10 ml, Distol grade) by sonification for 30 minutes and 
separated into aliphatic and aromatic-rich fractions using column chromatography.  
Fractions were concentrated to ~ 50 μl under a stream of dry nitrogen and around 1 μl 
injected used for organic analysis. Analyses were by splitless injection into a BPX5 
capillary column (30 m x 0.25 mm x 0.25 μm).  The GC oven was operated under the 
following conditions: initial isothermal hold for 2 min at 50 °C; temperature 
programmed at 5 °C/min to 300 °C and final isothermal hold for 8 min.  For pyrolysis 
around 30 mg of powdered sample was loaded into a pre-cleaned quartz glass tube.  
The sample was flash pyrolysed at 610 °C using a CDS 1000 pyroprobe (CDS 
Analytical, Oxford, PA), within 15 s after insertion into the interface, for 15 s in a 
flow of helium.  The heating rate of pyrolysis was 20 °C ms-1.  The interface was held 
at 260 °C and the GC injector maintained at 250 °C.  Compound detection and 
identification was performed by gas chromatography-mass spectrometry using an 
Agilent Technologies 5973 GCMS operated in fullscan electron ionization mode (50-
500 Da, 1.8 scan s-1, 70 eV electron energy).  GC column conditions were the same 
as for the solvent extracted samples.   
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5.4 Results 
 
5.4.1 Mineralogy 
 
The mineralogy was determined using both EDS and IR analysis.   
 
5.4.1.1 Sample 344 
 
Sample 344 of impact melt breccia (Figure 5.5) from unit 5 (Dressler et al., 2003) 
consists of two main parts: the white and green vein on the right, and melt particles 
embedded in a brownish matrix on the left.   
 
 
 
Figure 5.5 Polished block sample 344 from Unit 5.  The red lines delineate the different components of 
the sample. 
 
The white and green vein is extremely heterogeneous.  The white mineral is identified 
through EDS and FTIR as calcite (Figure 5.6) with a double reflectance peak at 1414 
and 1464 cm-1 and a single peak at 878 cm-1 in FTIR reflectance spectra.  The green 
matrix in this vein is composed of mineral masses, massive in nature, and a soft 
(hardness < 2), fine-grained groundmass.  In Figure 5.7, the higher BSE potential 
areas are calcite, which provide identical reflectance and EDS spectra as seen in 
Figure 5.6. 
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Figure 5.6 A BSE image and associated IR spectrum of massive calcite in sample 344. Scale bar = 700 
μm. 
 
The surrounding fine grained material has a reflectance spectrum resembling that of a 
smectite group clay mineral such as #592, SWa-1 in the ASU Spectral Library, with a 
split reflectance peak at 1000 and 1034 cm-1, shoulders at 884 and 1154 cm-1, and a 
Christiansen feature at 1262 cm-1.  Two medium reflectance peaks at 1416 and 1530 
cm-1 may reflect a minor input of calcite. 
 
Figure 5.7 A BSE image of the green matrix and calcite masses within the vein of sample 344 plus IR 
spectrum.  Scale bar = 700 μm. 
 
The dark brown matrix portion of sample 344 is fine grained but appears in BSE 
images as more homogenous than the green matrix (Figure 5.7).  IR analysis at the 
point indicated by an arrow in Figure 5.8 shows a clay spectrum with a single peak at 
1036 cm-1 and 9 % reflectance, with a less pronounced shoulder at 1210 cm-1.  This 
peak is slightly different from that in Figure 5.7 possibly indicating a different 
smectite group mineral.  It resembles spectrum #579 of saponite in the ASU Spectral 
library.  The spectrum in Figure 5.8 shows the Christiansen feature at 1266 cm-1.  
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Figure 5.8 A BSE image of the dark brown matrix and associated IR spectrum of sample 344.  Scale 
bar = 200 μm. 
 
A visible light image of a type 3 (Hecht et al., 2004) brown clay-rich melt particle 
(Figure 5.9) shows zonal variations in proportions of clay (brown), silica (pale 
yellow/white) and micrometer scale porosity.  IR reflectance spectra of the brown 
matrix shows the clay peak observed previously, with split peaks at 1008 and 1030 
cm-1 and a shoulder at 1114 cm-1 two-thirds of the way up the peak.  A large 
reflectance band covering 1750 - 2742 cm-1 is observed.  The single crystal observed 
(Figure 5.9) has a composition of pure quartz with characteristic twin peaks at 1106 
and 1172 cm-1 and % reflectance values of 106.  The other melt particles observed 
within the dark brown matrix of sample 344 are greenish to brown-beige in colour and 
can range in size up to several cm.  The particles are angular to sub-angular in form 
and are moderately to completely crystallised with an aphanitic texture.  Analyses via 
EDS indicate the particles are mainly composed of plagioclase feldspar, probably 
albite, with IR spectra showing a clay component as microscopic clasts. 
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Figure 5.9 Visible light image of the brown zoned melt particle and quartz grain with associated IR 
spectra of sample 344.  Scale bar = 300 μm. 
 
5.4.1.2 Sample 341 
 
Sample 341 of suevite described by Dressler et al (2003) as unit 2 is seen below in 
Figure 5.10.  It is a green in hand specimen, melt-rich deposit with a very fine grained 
matrix comprising 60 - 95 vol%, composed of mineral grains, melt and/or rock 
fragments.  The lithic components are sub-rounded to sub-angular and compose < 10 
% of the rock, with pale green/brownish to dark brown crystallised melt particles.  
Amygdales and filled veins are also visible. 
 
 
 
Figure 5.10 Polished block sample 341 from unit 2 with the main components identified. 
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The clast in Figure 5.10 consists of a grey mottled matrix with veins and mm-sized 
vesicles filled with very fine grained, massive, crystalline white calcite (Figure 5.11).  
This clast is lithic and is probably limestone (Stōffler et al., 2004).  A magnified BSE 
image (Figure 5.11) of the contact between one of these veins and the clast matrix 
show that the clast is composed of 10 – 25 μm sized euhedral crystals with a minor 
finer grained matrix, and a scattering of high BSE potential crystals.  The IR spectra 
in Figure 5.11 indicate that the main mineral is calcite, with a reflectance peak 
representative of clay between the calcite peaks.  Reflectance ‘humps’ at higher 
wavenumbers are also observed, possibly indicating a silica component within the 
clast.  The high BSE potential crystals are identified through EDS as Fe-oxides, 
probably hematite.   
 
Figure 5.11 BSE images of the boundary between the lithic clast and the calcite vein in sample 341, 
plus associated spectra.  Scale bar = top 700 μm and bottom 100 μm. 
 
The green matrix is riddled with fractures filled with calcite (Figure 5.12).  The IR 
spectra of the matrix indicate a predominantly clay composition, however, the peak is 
narrower than those previously described and occurs at 1042 cm-1 with a shoulder at 
1200 cm-1 just below half way up the peak.  The Christiansen feature is at 1258 cm-1 
with a broad reflectance band observed at 1634 – 2798 cm-1. 
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Figure 5.12 A BSE image of the bright green matrix and calcite veining in sample 341.  The spectrum 
is that of the matrix material.  Scale bar = 700 μm. 
 
Figure 5.13 shows the identification of a < 10 μm crystal within the finer grained 
matrix of a type 4 (Hecht et al., 2004) melt particle that has a main peak at 1034 cm-1 
and a minor shoulder peak at 1136 cm-1.  This is also a clay mineral and comparisons 
with sample SWy-2 #585 in the ASU Spectral Database show that the IR spectra 
resemble that of Na-rich Montmorillonite, a member of the smectite family.  The 
surrounding matrix has microscopic crystals of alkali feldspar, Fe-oxides and zircon 
identified through EDS. 
 
 
Figure 5.13 BSE image of melt particle and associated crystals in sample 341.  IR spectrum of a 
montmorillonite crystal is shown.  Scale bar = 100 μm. 
 
5.4.1.3 Sample 342 
 
The low hardness of clay minerals causes samples to easily crumble when cut.  This 
was a problem for sample 342 and so carbon coating was only partially successful 
making SEM examination impossible due to charging effects.  Mineralogical analysis 
was therefore conducted solely by FTIR spectroscopy.  The three main minerals and 
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their locations are shown in Figure 5.14.  The spectra show smectite and mica group 
minerals where different peak thicknesses and shoulder positions discriminate 
between them.  Green melt particles (Figure 5.14a), possibly type 1 described by 
Hecht et al (2004) with black devitrified centres are predominantly composed of 
celadonite, whereas the pale green vein on the right hand side is mainly saponite 
(Figure 5.14b).  The matrix surrounding the melt particles is dominantly 
montmorillonite (Figure 5.14c).    A strong reflectance ‘hump’ between 1628 and 
2722 cm-1 is seen in spectra b but is minor in spectra a and c. 
 
 
Figure 5.14 Three spectra taken from three main areas of sample 342. a. is a melt particle, b. a 
hydrothermal vein, c. the matrix. 
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5.4.2 Organic Analysis 
 
5.4.2.1 Matrix 
 
The matrix in all samples contains high organic contents.  The pale green matrix in 
the impact breccia vein of sample 344 (Figure 5.5) contains two medium reflectance 
peaks at 1416 and 1530 cm-1, attributable to C-O-H in-plane bending (Socrates, 2001) 
and Amide II (Naumann, 2000) bands respectively (Figure 5.7).  Important strong 
lower % reflectance bands are at 2850, 2918 and 2948 cm-1, assigned as the aliphatic 
triplet of υ(CH2) symmetric, υ(CH2) asymmetric and υ(CH3) asymmetric bands 
respectively.  Finally a broad % reflectance dip between 3028 - 3668 cm-1 is a υ(OH) 
band (Figure 5.7).  The brown matrix of sample 344 (Figure 5.8) provides reflectance 
spectra with bands at 2846 and 2916 cm-1 representing υ(CH2) symmetric and υ(CH2) 
asymmetric functional groups.  A minor υ(H2O) band is seen at 3508 - 3660 cm-1.  
The green matrix of sample 341 contains a medium % reflectance peak at 1538 cm-1 
that may identify an Amide II functional group.  There are also weak % reflection 
dips at 2848, 2916 and 2942 cm-1 representing the aliphatic triplet (Figure 5.12).  In 
sample 342, weak aliphatic bands are observed at 2848, 2920 and 2952 cm-1 in IR in 
the matrix (Figure 5.14c) and a broad υ(OH) stretch and Christiansen feature are seen 
between 1250 and 1260 cm-1. 
 
5.4.2.2 Calcite Masses and Vein Materials 
 
No υ(OH) or organic-related bands were identified in pure calcite crystals and crystal 
masses in sample 344 of impact melt breccia (Figure 5.6).  However, organic bands 
are located in the vein materials analysed.  In sample 342 a medium peak is observed 
at 1536 cm-1 in Figure 5.14b (the pale green vein), possibly an Amide II functional 
group.  There are also strong aliphatic triplet bands at 2852, 2919 and 2942 cm-1 in 
Figure 5.14b and a broad υ(OH) stretch and Christiansen feature are observed 
between 1250 and 1260 cm-1 in all spectra. 
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5.4.2.3 Melt Particles and Lithic Clasts 
 
The organic content of melt particles within the impactites sampled is variable and 
lithic clasts have yet to show any IR organic bands.  Figure 5.9 compares the 
orange/brown melt particle of sample 344 with a single quartz crystal.  The particle 
shows a strong υ(CH2) symmetric and asymmetric, and υ(CH3) asymmetric bands at 
2853, 2918 and 2942 cm-1 and a broad υ(OH) band between 3002 and 3498 cm-1.  In 
comparison the quartz crystal displays no organic bands.  Sample 341 contains a relict 
clast that displays minor to no organic reflectance bands (Figure 5.10 and 5.11).  No 
reflectance bands representing organic functional groups are observed within the 
individual smectite crystal or within the melt particles in Figure 5.13.  In sample 342, 
C-O-H in-plane bending occurs at 1410 cm-1 (Socrates, 2001) in Figure 5.14a.  There 
are weaker aliphatic bands at 2844 and 2946 cm-1 in Figure 5.14a and a broad υ(OH) 
stretch is seen and a Christiansen feature is observed between 1250 and 1260 cm-1. 
 
5.4.2.4 GCMS 
 
The total ion chromatogram (TIC), for a pyrolysate of the calcarenite, of the apolar 
fraction displays a homologous series of n-alkanes with a prominent unresolved 
complex mixture (UCM) or ‘hump’ present.  Other abundant components include 
naphthalenes, benzothiophenes and triaromatic steroids (Watson, personal 
communication, 2008) which can clearly be seen on the TIC (Figure 5.15a).  The 
partially reconstructed mass chromatogram (m/z 57) (Figure 5.15b) displays the 
distribution of the n-alkanes (n-C12 to n-C29) and isoprenoids.  There is a clear even 
over odd predominance and the isoprenoids pristane (Pr) and phytane (Ph) are 
relatively abundant.  The hopanes have a normal distribution with the stable αβ 
isomer the most abundant (Figure 5.15c).  Steranes, like the hopanes, are relatively 
abundant with no real predominance.   
 
Considerable amounts of Poly Aromatic Hydrocarbons (PAHs) were observed in the 
calcarenite (Gilmour et al., 2003).  The aromatic hydrocarbons have a usual 
distribution with an abundance of sulphur containing aromatic compounds, such as 
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benzothiophenes, dibenzothiophenes and benzonaphthothiophenes, the most abundant 
being the dimethylbenzothiophenes (Watson, personal communication, 2008).  
 
5.5 Discussion 
 
5.5.1 Mineralogy 
 
Whether impact produced hydrothermal solutions are responsible for the 
phyllosilicate alteration described above has been interpreted by relative textural and 
vein crosscutting relations and systematic distribution of alteration products that have 
revealed a progression of the hydrothermal event and provided constraints on the 
nature of the fluids (Zürcher and Kring, 2004).  The least-altered silicate melt 
 
Figure 5.15 a. A total ion chromatogram (TIC).  b. A partially reconstructed mass chromatogram (m/z 
57).  c. A hopane mass chromatogram (m/z 191). 
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composition intersected in Yax-1 is that of a calc-alkaline basaltic andesite with 53.4 
– 56 wt% SiO2, with a primary mineralogy of fine microlites of diopside, plagioclase 
(mainly Ab 47), ternary feldspar (Ab 37 to 77), and trace apatite, titanite, and zircon 
(Ames et al., 2004).  Permeation by a low temperature saline brine followed.  A 
subsequent high temperature thermal system and associated Na-K metasomatism 
occurred.  This was then affected by a low-temperature (< 150 °C) regime with glassy 
parts of melt particles, secondary chlorite and other pre-existing mafic minerals 
transformed to clay minerals and extensively overprinted the earlier hydrothermal 
stage (Zürcher and Kring, 2004).  The minerals and textures depicting this sequence 
of events do not occur within the samples in this study.  The samples are composed of 
clays created the last low-temperature regime that has overprinted and left no 
evidence of past conditions. 
 
The main alteration minerals identified in the current Chicxulub samples are smectite 
group minerals saponite and montmorillonite and the mica celadonite which all impart 
a strong colouration to the samples.  Smectite, possibly as saponite, makes up the 
matrix of impact breccia sample 344 and makes up the pale green vein fill.  
Montmorillonite was found in 341 instead of saponite and occurs as individual 
crystals within the matrix and in melt particles.  Sample 342 however, contains 
evidence of both minerals with saponite occurring within the pale green vein and 
montmorillonite in the bulk of the green matrix.  It has been noted by Ames et al 
(2004) that Mg-saponite dominates the upper 40 m of the impactites, while K-
montmorillonite is abundant in the lower 60 m.  The IR spectra of the impactite units 
studied indicate that saponite is not exclusively situated in the upper sequence, nor 
montmorillonite in the lower sequence as montmorillonite was identified in sample 
341 at 812.03 m.  Three Yax-1 Chicxulub samples analysed by Newsom et al (2004) 
agree as a range of chemical compositions were observed that are intermediate 
between saponite and montmorillonite, with the upper suevite sample (at 809.39 m) 
having a greater montmorillonite component.  Clay mineral chemistry presented by 
Ames et al (2004) identified saponite, montmorillonite and celadonite as replacements 
for clinopyroxene in melt fragments throughout the fragmental impactite sequence.  
They also line and fill amygdales and veins and replace the matrix.  Saponite is known 
as a typical void filling smectite in altered basaltic glasses (e.g. Allen et al., 1982; 
Utzmann et al., 2002; Hagerty and Newsom, 2003, and references therein).  The mica 
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celadonite was identified as a bright green matrix material in sample 341 and within 
melt particles in sample 342.  Characteristic bright green celadonite was described by 
Ames et al (2004) to be abundant as a secondary phase in veins and amygdales and 
fills open spaces throughout the impactite sequence.  It can be surmised that the upper 
suevite unit 2 is predominantly composed of celadonite with minor montmorillonite, 
the lower melt breccia of unit 3 contains predominantly montmorillonite with 
celadonite particles and saponite veins, whilst the lowest sample studied from unit 5 is 
mainly saponite with a smectite vein. 
 
The clay minerals are hydrous aluminium phyllosilicates with variable amounts of 
iron, magnesium, alkali metals, alkaline earths metals and cations.  They are 
structurally similar to micas, form flat hexagonal sheets, and are common weathering 
products and low temperature hydrothermal alteration products.  Clay minerals 
include the kaolin, smectite, illite and chlorite groups.  The smectite group studied in 
this research contains dioctahedral smectites such as monoclinic montmorillonite with 
a Mohs hardness of 1 - 2 and a chemical formula of 
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O.  Trioctahedral types such as saponite 
((½Ca,Na)0.33(Mg,Fe+2)3(Si,Al)4O10(OH)2·4H2O) are seen and are part of the 
montmorillonite group, are monoclinic with a hardness of 1.5 - 2 and can be white, 
grey - green to bluish in colour.  Celadonite, however, is a mica group mineral, a 
phyllosilicate of potassium, iron in both oxidation states, aluminium and hydroxide 
(K)Mg,Fe2+)(Fe3+,Al)(Si4O10)(OH)2).  It is monoclinic and forms grey green to blue 
green massive aggregates of prismatic crystallites or occurs in dull clay masses.  It has 
a Mohs hardness of 2 and a specific gravity of 3.   
 
Clays in drill core from Lonar impact crater, were shown by Hagerty and Newsom 
(2003) to consist of well defined Fe-saponite and celadonite as seen in the Yax-1 
samples, and are consistent with low temperature alteration of basalts.  The clay 
compositions in the Yax-1 core suggest a more Si and Fe enriched bulk composition 
of the protolith for the altered material in unit 2 compared to material in units 4 and 5.  
Newsom et al (2004) speculated that the small spatial scale variation in clay 
compositions within units and individual samples is consistent with hydration of 
impact generated fine grained material or a mixture of metastable dehydroxylate 
condensates from the impact cloud (Rietmeijer, 2002; Rietmeijer et al., 2000).  The 
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formation of celadonite is restricted to an oxidative environment as is saponite, which 
in the Yax-1 samples is proposed to be Mg-rich saponite (Ames et al., 2004).  The 
composition of early and late hydrothermal minerals shows that the hydrothermal 
solution was chlorine-rich (Cl/F >10) and that its Fe/Mg ratio and oxidation state 
increased substantially (4 - 5 logƒO2 units) as temperature decreased through time 
(Zürcher and Kring, 2004). 
 
Phyllosilicates have been observed as common secondary alteration features in many 
water-rich environments, especially those involving seawater interactions with mafic 
rocks (Andrews, 1980).  Saponite and celadonite alteration has been recorded by 
Andrews (1980) from deep basaltic basement at Leg 37 of the DSDP, at the Mid-
Atlantic Ridge.  Here the phyllosilicates were formed by oxidative diagenesis, 
however the research shows that the alteration minerals formed simultaneously via the 
continued passage of seawater percolating through interconnected pores paces within 
the basalt.  The mineralogical sequence recorded of Fe3 +-oxide, celadonite, saponite ± 
pyrite proceeding outwards from a vein, reflected the gradual extraction of oxygen 
from the inflowing seawater during progressive reactions with the surrounding rock.  
The evidence within Yax-1 impactites from this research, whereby the upper most 
units are celadonite-rich, and the lower units become more saponite-rich, may reflect 
a similar oxygen extraction process from down-welling cold Mg-K-rich seawater, 
recharging earlier high temperature hydrothermal activity (Ames et al., 2004). 
 
Calcite is present in the impactite sequence in many different textural settings: as 
calcite-bearing carbonate clasts and as clastic components of the fine-grained matrix 
mixed with microscopic silicate melt particles.  The presence of calcite that 
crystallised from carbonate melts was suggested by Dressler et al (2003) and Stöffler 
et al (2003, 2004).  Hydrothermal calcite also precipitated in veins, voids and vesicles 
within melt particles (Hecht et al., 2003; Lüders and Rickers, 2004; Zürcher and 
Kring, 2003).  Isolated quartz grains are also identified.  Figure 2 of Ames et al (2004) 
recorded the alteration mineralogy assemblage of selected core sections throughout 
the impactite sequence.  Unit 2 consisted of smectite, celadonite, K-montmorillonite, 
minor Mg-saponite, K-feldspar, quartz, plagioclase, Fe-oxides and carbonates.  Unit 3 
contains montmorillonite, saponite, plagioclase, quartz, Fe-oxides and carbonates; and 
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Unit 5 contains K-montmorillonite, Mg-saponite, K-feldspar, albite, quartz, Fe-oxides 
and carbonates which are all found within the samples analysed in this study.   
 
Diagenetic processes have mainly been identified within the Cenozoic carbonate 
sedimentary rocks that filled the Chicxulub Sedimentary Basin (Lefticariu et al., 
2004).  This basin concentrated the deposition of pelagic and outer platform sediments 
during the Palaeocene and Eocene and it filled during the Middle Miocene (Lefticariu 
et al., 2004).  The main diagenetic mineralogical components at Chicxulub are 
replacive dolomite and low-Mg calcite whose formation was more common outside 
the impact basin than inside.  Within the impactite samples of this study, dolomite 
was absent and the calcite was only present within vugs and small veins, not as 
pervasive replacement of the clays, therefore the diagenetic component of the samples 
appears to be minor or absent. 
 
5.5.2 Organics 
 
The IR analysis revealed the type and locations of organic compounds within the 
impactite samples.  The aliphatic triplet functional groups may represent biomolecules 
in the form of fatty acids.  The C-O-H in-plane bending functional group at ~ 1415 
cm-1 maybe contribute biomolecules as carbohydrates, DNA/RNA backbone 
molecules and/or proteins, however, these are unlikely to be preserved in end-
Cretaceous rocks.  The Amide II peak may represent proteins in the samples (Yu and 
Irudayaraj, 2005).  The Unit 5 impact melt breccia contains organic functional groups 
within the pale green vein smectite matrix and to a lesser extent in the saponite dark 
brown matrix.  This may be due to a slightly later stage of low temperature fluid flow 
creating the vein and bringing biomolecules with it.  Individual mineral grains and the 
massive calcite units within the vein are devoid of organics.  A particular particle 
potentially has fatty acids and OH molecules within it however it may have been 
highly altered by later fluids causing contamination with organics after formation.  
The Unit 3 chocolate brown melt breccia (sample 342) contains organics throughout.  
The highest % reflectance organic signature is identified within the pale green 
saponite vein potentially representing fatty acids, proteins and water molecules.  The 
melt particle shown in Figure 5.14a however has a weaker organic reflectance band, 
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similar to the matrix which contains weak bands, possibly representing fatty acids and 
OH molecules.  Finally the Unit 2 of suevite has the lowest % reflectance organic 
signature, with no organics located within the limestone clast or the melt particles.  
Possible proteins and fatty acids are contained within the celadonite matrix.  The 
organic reflectance bands are found in areas that have been replaced and altered by 
hydrothermal fluids and are more prevalent in the deeper impactite units.  Lithic 
clasts, crystal masses and individual crystals contain no organic functional groups 
implying that the organics observed are an internal, localised feature and not surface 
or specimen preparation contamination.  Although the resin used is organic in nature 
(Figure 5.16), none of it is identified in any IR spectra. 
 
 
Figure 5.16 A FTIR reflectance spectrum of the resin used in sample preparation. 
 
The presence of a UCM, abundant triaromatic steroids (the most resistant compounds 
to biodegradation in crude oils) and n-alkanes in the Chicxulub GCMS data probably 
suggests that the extract is a mixture of a severely biodegraded and fresh oil (Watson, 
personal communication).  The even over odd predominance of n-alkanes suggests a 
hypersaline or calcitic source rock and suggests immaturity.  The abundant phytane 
(Ph) relative to the n-alkanes would suggest that the ‘fresh’ oil is slightly biodegraded 
also.  This would suggest that the bitumen has migrated into the host rock and has not 
been formed in-situ (Watson, personnal communication).  The hopanes have a normal 
mature distribution indicating a crude oil.  The abundant sulphur containing aromatic 
compounds could suggest a hydrothermal source for the bitumen.  The GCMS data 
indicate a mix of at least 2 different oils, one severely biodegraded and a very slightly 
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degraded oil.  Previous studies of hydrothermally generated hydrocarbons (e.g. 
Simoneit, 1993) suggest that they have a variety of features that can distinguish them 
from ‘normal’ petroleum.  A broad distribution of n-alkanes with no carbon number 
predominance, a naphthenic hump, unresolved complex mixtures, significant 
concentrations of pristane and phytane, mature biomarker distributions and high 
concentrations of PAHs and thio-PAHs can be considered diagnostic properties.  The 
distribution of compounds in the samples of Gilmour et al (2003) suggests a 
hypersaline/calcite source rock, and abundant PAHs and thio-PAHs, pristane, phytane 
and a broad distribution of n-alkanes indicates production by hydrothermal activity 
(Gilmour et al., 2003). 
 
The Yax-1 drill core is located ~ 60 km from the centre of the impact structure, 
therefore it is very unlikely that the whole megablock unit the core was retrieved from 
was heated to temperatures of ~ 300 °C.  In the centre of the impact structure, deeply 
circulating formation waters could have been heated and may have undergone 
seawater evaporation or sub-critical two phase separation (Bischoff and Rosenbauer, 
1984; Bischoff and Pitzner, 1985).  Locally, brines formed by such processes could 
have ascended through fractures in the direction of the crater rim (Lüders and Rickers, 
2004).  Type 3 fluid inclusions described by Lüders and Rickers (2004) are found 
within vugs of quartz crystals and are hydrocarbon-bearing.  They may have been 
derived from the cracking of pre-impact organic matter and migrated within hot (> 
200 °C), highly saline, metal-rich brines from sediments located closer to the centre of 
the structure.  This infers large-scale fluid migration and alteration at Chicxulub.  The 
migration of hydrocarbons seems to have occurred at an early stage of hydrothermal 
activity as fluid inclusions in calcites precipitated at a later stage do not bear 
hydrocarbons (Lüders and Rickers, 2004).  The hydrocarbons identified within the 
impactite units of this study are possibly relicts from this brine that have survived the 
later low temperature clay alteration phase.   
 
The occurrence of oil-related hydrocarbons at 1405.085 m could explain the organic 
reflectance bands described above, however, the difference in depth between the 
impactite unit and that described below may mean the organics were derived from 
another source.  This unit is described by Stinnesbeck et al (2004) as Unit C.  It is 137 
m thick and is composed of predominantly grey layered dolomite with several 
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stratiform breccia and bituminous beds and anhydrite nodules.  Some dolomite layers 
are bioturbated with others showing stromatolitic laminations due to cyanobacteria.  
Deposition of this unit was in a restricted interior carbonate platform environment and 
the presence of palygorskite, a fibrous clay mineral, indicates that the unit did not 
undergo strong thermal alteration (Stinnesbeck et al., 2004).  This unit is therefore 
very different to the impactite sequence in terms of formation, mineralogy, effects due 
to the impact event and later alteration.  Although the oil-related hydrocarbons may 
still be the cause of the organic IR signatures, other sources must be examined. 
 
The top 15 m of the impactite sequence (Unit H of Stinnesbeck et al (2004)) were 
deposited by current transport as indicated by layered breccias with alternating layers 
of small and larger sub-rounded to rounded clasts, fining upwards and sorting of 
clasts.  Devitrified glass is abundant and clasts include dolomite, fossiliferous 
limestone and isolated fossils (Figure 5.16, e.g. benthic foraminifera, bivalves) 
(Stinnesbeck et al., 2004). 
 
 
Figure 5.17 a. Planktic foraminifera (Parasubbotina pseudobulloides) in a clast of Early Paleocene 
(Danian) age (Unit H, sample 964). b. Bioclastic grainstone with red algal fragment (c) and benthic 
foraminifera (miliolids and textulariids) of a shallow water carbonate platform origin (Unit H, sample 
971); d. Grainstone with bioclasts of open marine planktic foraminifera and shallow water carbonate 
platform origin (e.g., echinoids, red algae, bivalves) (Unit H, sample 972), images adapted from 
Stinnesbeck et al (2004). 
 
The fossil evidence above proves the existence of preserved organisms in the 
impactite sequence, however, they have not been observed within the samples in this 
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study.  The foraminifera and algae are found within impact-reworked grainstone clasts 
within the deposits which were also not observed within the samples.  In this study, 
the organic signatures were detected within the matrix and vein materials, not the 
lithic components.  This may imply that the organic reflectance bands are created by 
biomolecules preserved within the hydrothermal alteration products.  These could 
come from extremophilic microorganisms that used the impact-induced hydrothermal 
system within the impactites as a source of energy and protection from the post-
impact environment or were transported within the hydrothermal fluids to their 
current location.     
 
The uppermost 400 m section of the drill hole at Chicxulub was drilled using 
conventional rotary drilling techniques with mud circulation and without core 
recovery.  Below 400 m depth, the well was drilled to 980 m and to 1510 m with 
continuous wireline coring (Šafanda et al., 2007).  Temperature profiles taken 
throughout the drill hole indicate insignificant changes in temperature below 315 m 
depth, over 33 months after the hole was shut, with a cold temperature wave observed 
above 315 m caused by drilling mud accumulating in large volumes around the drill 
hole in karstic dissolution voids which would have seeped slowly down the hole into 
the rock matrix (Šafanda et al., 2007).  The depth of the samples in this study are 
below 700 m and so are not found to be affected by the drilling mud.  It would also be 
expected that if the drilling mud was to have covered and potentially infiltrated the 
cores, any organic remnants of it would be identified throughout the samples; 
however organics found in this study are specific in location. 
 
5.6 Implications 
 
There is strong astrobiological interest in the potential fate of any primitive life on 
other planetary surfaces exposed to impact events (Parnell et al., 2007) and the use of 
impact-induced hydrothermal systems to support pre-biotic chemistry and 
extremophilic microorganisms.  There is a very good chance that biomolecular 
evidence for life could survive impact events or use impact-related hydrothermal 
systems to live, and be detectable during planetary exploration.  The phyllosilicate 
alteration minerals detected in impact-induced hydrothermal settings could be used as 
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an indicator of Martian hydrothermal systems.  The Martian soil potentially contains 
mixed layer clays created by hydration of an impact generated protolith.  This 
possibility could also be consistent with chemical arguments for Fe-rich clays in the 
Martian soil (e.g. Nelson and Newsom, 2003).  The formation of dehydroxylates in 
impacts that are subsequently annealed to form clay minerals could provide a source 
of chemical energy leading to conditions favourable for the origin of life (Rietmeijer, 
2002). 
 
The formation and migration of hydrocarbons under normal geological conditions is a 
slow process due to the low subsidence rates in sedimentary basins and the gradual 
maturation of organic matter.  In hydrothermal systems, however, the maturation of 
organic matter, the generation of hydrocarbons, and their expulsion and migration 
occur on geologically short timescales (Gilmour et al., 2003).  Carbonaceous material 
has previously been found associated with several impact structures, most notably the 
Sudbury impact structure in Canada, the Gardnos impact structure in Norway and the 
Haughton impact structure in Canada.  At the first two structures, however, the carbon 
occurs as a severely dehydrogenated graphitic or amorphous carbonaceous material 
and its method of emplacement has proven problematic to determine (Gilmour et al., 
2003).  Organic matter, as a mixture of fossil and modern biological components, has 
been described in impactites from the 24 km wide Haughton impact structure in the 
Canadian High Arctic (Parnell et al., 2007).  The fossil component is conventional oil 
that was generated from a Lower Palaeozoic marine source material before the impact 
and permeated the dolomitic bedrock.  The modern biological contamination of 
possible cyanobacteria, non-marine algae, or higher plant matter caused superposition 
of two geochemical signatures onto the fossil component (Parnell et al., 2007).  All 
preserved components of the impact structure retain some of the pre-impact organic 
signature despite enclosing melt temperatures up to 1750 °C.  This provides hope that 
ancient organics on Mars may have survived the extreme conditions surrounding an 
impact to be identifiable today.    
 
In a primordial planetary setting, abiotic synthesis of organic compounds might occur 
(Shock, 1990; Cody et al., 2004) in volcanic environments (Delaney et al., 1998) 
where gases are emitted by eruptive events (Holloway and O’Day, 2000).  
Environments such as these are found in seafloor hydrothermal systems, subaerial 
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geothermal systems and impact-induced hydrothermal systems on Earth, which 
provide thermal and chemical energy that can support life (Shock, 1990).  Smectite is 
formed in hydrothermal environments when volcanic glass or basalt is exposed to hot 
(> 300 °C) vent fluid (Seyfried and Mottl, 1982).  Expandable clay minerals such as 
smectites are important in synthesizing a variety of organic compounds at high 
temperatures.  Smectites, such as montmorillonite, saponite and illite, are known 
catalysts of organic polymers (Pinnavaia, 1983; Balogh and Laszlo, 1993; Ferris, 
2005).  The silicate surfaces of the interlayers are negatively charged and primarily 
attract cations and water but can expand to accommodate non-polar organic molecules 
(Theng, 1974).  Bernal (1949) first proposed a connection between clay minerals and 
primitive life forms and has been further promoted by others (Cairns-Smith and 
Hartman, 1986; Balogh and Laszlo, 1993; Ferris, 2005).  Montmorillonite promotes 
formation of vesicles that can grow and divide from fatty acids (Hanczyc et al., 2003) 
highlighting an important link between clays and lipids, a component of cell 
membranes.  Not only could extremophilic microorganisms survive using the thermal 
environment created by hydrothermal fluids, but may have originated and/or 
flourished on other planetary bodies using mineralogical alteration products, such as 
clays, as catalysts. 
 
5.7 Conclusions 
 
The Yax-1 impactite units studied in this research are predominantly composed of, 
calcite, melt particles, lithic clasts and smectite group minerals that have replaced 
primary minerals during a late low temperature thermal regime.  FTIR has been able 
to distinguish between saponite, montmorillonite and celadonite and identified 
hydrocarbons within the matrices and vein material of the samples.  The main 
biomolecules characterised include the aliphatic triplet, OH molecules and amides.  
The source for these hydrocarbons is possibly from organic matter reservoirs in the 
target rocks that were cracked and mobilised within the circulating hydrothermal fluid 
regime, from micron-sized relict fossils, from a mixture of biodegraded and fresh oil, 
or, less likely, are derived from microorganisms that were present within the thermal 
fluids or used the deposited minerals for energy sources.  Impact-induced 
hydrothermal systems were undoubtedly common on early Mars and probably occur 
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in the present and would provide thermal and chemical energy that could support life 
(Shock, 1990). 
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Chapter 6 
 
BIOTIC AND ABIOTIC  
ALTERATION OF BASALT 
 
6.1 Introduction 
 
Basalts are the most abundant rock type on Earth as well as the Moon, Mars, Venus 
and the asteroid Vesta, therefore they are the most likely substrate in which 
hydrothermal systems would evolve.  Testing the effects of abiotic alteration versus 
microbial modification of basalt substrates is a key task in identifying evidence for 
microbial life on other planets.  This chapter describes experiments aimed at testing 
the effects of microbes on the alteration of basalt. 
 
6.1.1 Basalt Petrology and Geochemistry 
 
Primary mineralogical and compositional variations within basalts are important to 
consider in evaluating the nature of their alteration products, whether biotically or 
abiotically driven. 
 
Basalts are a good rock type to study as they are found in virtually all global tectonic 
settings.  They are the most common magma generated by direct melting of the 
mantle, are mafic extrusive volcanic rocks that are usually grey to black in colour and 
fine-grained due to rapid cooling at the surface of a planet.  Basalts can be porphyritic 
containing larger crystals in a fine-grained matrix, or vesicular scoria.  Basaltic source 
rocks include both peridotite and pyroxenite (Sobolev et al., 2007).  Basalts define a 
continuous compositional spectrum with three basalt rock types recognised: silica-
oversaturated quartz tholeiite, silica-saturated olivine tholeiite and silica-
undersaturated alkaline basalt.  Tholeiitic basalts make up the bulk of the oceanic 
crust and, on continents, large flood basalt plateaus and some large intrusions.  
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Alkaline basalt is the most common rock type in the alkaline rock suite and occurs in 
oceanic islands and in some continental settings (Figure 6.1).     
 
The difference between tholeiites and alkaline basalts is that olivine is exclusively a 
phenocryst phase in tholeiites and is Mg-rich, Fo90-70, whereas in alkaline basalts it is 
both a phenocrystic and a groundmass phase and can be more variable in composition, 
Fo90-35, even within a single specimen.  Plagioclase is more commonly found as 
phenocrysts with a higher K2O content in tholeiites than in alkaline basalts.  Alkaline 
magmas may have sufficient alkali concentrations to allow alkali feldspar to be stable 
and to appear in the groundmass of alkaline basalts together with feldspathoids or 
analcite in silica-undersaturated rocks.  Vesicle linings may also be composed of these 
minerals.  In contrast, tholeiitic lavas may contain one or more silica polymorphs such 
as quartz, cristobalite and/or tridymite, in the groundmass and in vesicles.  Tholeiites 
generally lack hydrous phases, but more evolved alkaline rocks are more likely to 
contain Ti-rich amphiboles (kaersutite) and phlogopite-biotite in the groundmass or as 
phenocrysts.  On Earth these are most common in calc-alkaline basalts related to 
subduction in which pH2O is high. 
 
Tholeiites and alkaline basalts differ chemically due to the compositional contrasts in 
the major pyroxene phase present.  Ca-rich clinopyroxene occurs in both basalt types, 
but its normative composition reflects that of its host rock.  Clinopyroxene in alkaline 
basaltic rocks is silica-undersaturated due to relatively high concentrations of Ti and 
Al that replace Si.  Some clinopyroxenes in alkaline rocks are enriched in Na and 
appear greenish.  Alkaline rocks never contain orthopyroxene, however, it is common 
in tholeiites of oceanic islands and rare in MORB.  Many tholeiitic rocks also contain 
a third pyroxene phase of Ca-poor clinopyroxene, pigeonite.  Alkaline mafic rocks 
locally contain a variety of mantle-derived inclusions that are found lacking in 
tholeiites.  Alkaline or subalkaline rocks also include olivine-rich picrite.   
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Figure 6.1 IUGS classification of volcanic rock types, (TAS) plot.  The chemical division between 
alkaline and subalkaline rocks is shown. 
 
Accessory minerals, in all basalts, occur in relatively minor amounts and include iron-
oxides and iron-titanium oxides such as magnetite, ulvöspinel and ilmenite.  
 
  SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO   
  54.06 2.24 13.64 3.59 8.88 0.18 3.48   
CaO Na2O K2O P2O5 H2O+ H2O- CO2 LOI Total 
6.95 3.27 1.69 0.36 0.75 0.81 0.03 1.67 99.93 
 
Table 6.1 Whole-rock chemical composition of basalt from the Columbia River Plateau, Sample BCR-
1 with major element oxides in Wt%.  Data from Govindaraju (1989) 
 
6.1.2 Terrestrial basalt formation and localities 
 
Basalt is the most extensive extrusive volcanic rock on Earth and has also been 
identified on Mars (see section 6.1.3).  Processes that create basalt on Earth are 
studied here to understand the formation of basalt on Mars and aid in prospecting for 
astrobiologically relevant sites.   
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The mineral composition of a volcanic rock reflects the bulk composition of melt 
from its source region and whether it has undergone melting or crystallization.  On 
Earth, basalt dominated by plagioclase and high-calcium pyroxene is a typical rock of 
the ocean floor, formed by partial melting of mantle rocks beneath the Earth’s crust 
and extrusion of the melt to the surface (Mustard, 2002).  Large volumes of basaltic 
magma are generated at mid oceanic ridge spreading centres.  Typical Mid Ocean 
Ridge Basalts (MORBs) are dominated by olivine tholeiites and show a large degree 
of homogeneity compared to other igneous rocks.  They are low in incompatible 
elements, subalkaline and contain low amounts of H2O.  Volcanic glass is commonly 
present due to rapid chilling of magmas entering cold water.   
 
Large igneous provinces (LIP) (Coffin and Eldholm, 1992) cover the Earth’s surface 
and have been formed at various times in the geological history of the planet, in both 
submarine and subaerial environments.  Flood basalts are one example of LIPs, such 
as the Siberian and Deccan Traps.  Continental flood basalts are extreme volcanic 
events on the Earth, characteristically producing huge volumes, < 3.0 million km3, of 
basalt over a geologically short period of time < 1.0 Ma.  Large igneous provinces are 
caused by the arrival of a mantle plume at the lithosphere.  As they rise, magma is 
generated by partial melting of the plume material and is injected into the lithosphere 
and erupted onto the Earth's surface to form huge lava flows.  The surface 
manifestations of mantle plumes are often called hotspots.  Most hotspot volcanoes 
are basaltic as they erupt through oceanic lithosphere, but if they occur under 
continental lithosphere then the basaltic magma is trapped in the crust and melts the 
surrounding material to form rhyolite.  Forty - fifty hotspots have been identified 
around the world and underlie places such as Hawaii, Yellowstone, Iceland and 
Madeira and are postulated to be the main source for magmatism on Mars. 
 
6.1.3 Basalt on Mars 
 
The surface of Mars is thought to be primarily composed of basalt based upon the 
observed lava flows and shield volcanoes (Carr and Greeley, 1980), the Martian 
meteorite collection (McSween, 1994), and data from landers and orbital observations 
(Bandfield et al., 2000).  The lava flows from Martian volcanoes show that lava has a 
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very low viscosity typical of basalt (Francis, 1993).  Soil samples collected by the 
Viking landers in 1976 indicated iron-rich clays are present which are consistent with 
weathering of basaltic rocks (Francis, 1993).  Some portion of the Martian surface 
might be more silica-rich than typical basalt, perhaps similar to andesitic rocks on 
Earth, though these observations may be explained by silica glass, phyllosilicates, or 
opal. 
 
Bandfield et al (2000) reported that the mineralogy of volcanic regions on Mars 
consisted of two different rock types, surface type 1 of basalt and surface type 2 of 
andesite (Figure 6.2) derived from the analysis of remotely sensed thermal emission 
data.  The global distribution of these rock types is roughly divided along the 
planetary dichotomy that separates the ancient, heavily cratered crust in the southern 
hemisphere from the younger lowland plains in the north.  Wyatt and McSween 
(2002) corroborate the results of Bandfield et al (2000) indicating unaltered basalts 
occur in the southern highlands, but interpret the northern lowlands to be composed of 
basalts plus clays and sheet silicates that are characteristic of low-temperature 
aqueous alteration instead of andesite.  The basalt may have been weathered under 
submarine conditions or is transported weathered basaltic sediment (Wyatt and 
McSween, 2002).  It is possible that Mars has an ancient basaltic crust that was altered 
where liquid water ponded (Wyatt and McSween, 2002).  The absence of andesite 
amongst Martian meteorites may corroborate the weathered basalt interpretation. 
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Figure 6.2  The two TES spectral surface types on Mars (Bandfield et al., 2000).  Surface type 1 is 
typical of flood basalts, composed primarily of plagioclase ~ 65 vol% and clinopyroxene ~ 30 vol%.  
Type two is similar to basaltic andesite or andesite (plagioclase ~ 45 vol%, K-rich glass ~ 40 vol% and 
pyroxene ~ 10 vol% (Bandfield et al., 2000), or weathered basalt (Wyatt and McSween, 2002). 
 
Orbital spectral analyses are important in the mineralogical studies of Mars, however, 
nothing can replace studies of in-situ rock outcrops and hand specimens.  The Mars 
Exploration Rover Spirit has traversed across plains on the floor of Gusev crater 
(Squyres et al., 2004a; Arvidson et al., 2006) which are littered with angular blocks of 
impact ejecta (Grant et al., 2004).  Spirit found these to be composed of olivine-rich 
basalt (McSween et al., 2004, 2006).  Spirit reached the Columbia Hills on Sol 156 
which are possible Noachian age rocks that are surrounded by the younger Gusev 
plain basalts.  The Columbia Hills are composed of a diverse range of lithologies 
which have been classified by Squyres et al (2006) based on rock major-element 
geochemistry measured by the APXS instrument (Rieder et al., 2003).  Not every rock 
studied so far at Gusev is volcanic, however most appear to have a significant 
volcanic component (Squyres et al., 2006).   
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6.1.4 Life on Basaltic Rocks  
 
As volcanic environments are distributed over the Earth it is important to understand 
the diversity and characteristics of microbial life they contain as analogues for similar 
environments on Mars.  The wide distribution of basalts over the Earth therefore 
makes this rock type of particular interest.   
 
A growing number of studies indicate that microbial communities exist within the 
oceanic crust on mid-ocean ridge flanks.  The young ocean crust exposed at the 
seafloor or in the shallow sub seafloor interacts directly with low-temperature, 
oxygenated fluids releasing free energy associated with oxidation of reduced species 
in the basalt that could potentially be used by microbial communities for growth.  
Phylogenetic and microscopic analyses by Santelli et al (2005) indicate that diverse 
populations of bacteria can inhabit different lavas, and can change with differences in 
basalt alteration state.  Common corrosion features, such as micrometre-scale tubular 
structures (Banerjee et al., 2006), of underwater volcanic basalt suggest that microbial 
activity may play a significant role in the chemical exchange between basaltic rocks 
and seawater: significant amounts of reduced iron, Fe(II), and manganese, Mn(II), 
present in basaltic rocks provide potential energy sources for bacteria. 
 
Most discoveries of microorganisms living within or on the surface of basalt are 
associated primarily with its glass content, first shown by Thorseth et al (1992).  It has 
been suggested that soon after eruption when the ambient temperature is tolerable for 
life to exist (Stetter et al., 1990; Stetter, 2006), colonisation of the glassy rim of pillow 
lavas by microorganisms occurs wherever seawater has access (Thorseth et al., 2001).  
Microbes can bioerode and colonise the surfaces and fractures in the glassy selvages 
of pillow lavas on the sea floor and leave behind fossil traces of their activity (Furnes 
et al., 2007, Mcloughlin et al., 2007).  The most common are microscopic alteration 
textures such as empty or mineral filled pits and channels, with sizes and shapes 
comparable to modern microbes, found within fresh glass at the interface with altered 
glass (Furnes et al., 2007).  Samples with these alteration textures commonly have 
very low δ13C values (e.g. Furnes et al., 1999, 2001; Banerjee and Muehlenbachs, 
2003), elevated concentrations of C, N, P, K and S (e.g. Furnes et al., 2001; Banerjee 
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and Muehlenbachs, 2003) and in younger samples DNA (e.g. Torsvik et al., 1998; 
Furnes et al., 2001; Banerjee and Muehlenbachs, 2003).  Bioalteration processes can 
also be traced 550 m into the oceanic crust and dominate in the upper 350 m (Furnes 
and Staudigel, 1999).  Therefore the upper volcanic part of the basaltic oceanic crust 
is a suitable habitat for microorganisms.  Putative biogenic cryptoendolithic filaments 
preserved by clay minerals, have also been found in carbonate amygdales within 
pillow basalts where they started to form on the internal surface of vesicles when they 
were filled with mineral-enriched water (Peckmann et al., 2008). 
 
The deep terrestrial subsurface harbours a diverse community of microorganisms as it 
contains all of the requirements for prokaryotic life.  This includes water filled space 
in pores and fractures, energy in the form of buried organic matter (kerogen), gases 
such as methane or H2, reduced inorganic ions (multiple sulphur species and metals 
such as Fe and Mn), and various essential inorganic elements including carbon, 
nitrogen, phosphorous, and sulphur. A primary energy source that is lacking and 
distinguishes the deep subsurface from terrestrial surface environments is light 
(Fredrickson and Balkwill, 2006).  Igneous rocks are typically devoid of organic 
matter and fluid flow is typically via fractures as most crystalline rocks lack pores of 
sufficient size and interconnectivity for water flow or to provide space for 
microorganisms.  Given these properties, microorganisms typically inhabit the 
surfaces of fractures and are believed to colonize them via transport through 
interconnected fractures (Lehman et al. 2001).  Nutrients and energy sources are 
transported via fracture fluid flow or may be provided by the rock itself, and older 
fractures have been found to contain microbial fossils (McKinley et al. 2000). 
Subsurface lithoautotrophic microbial ecosystems, or SLiME, were first described for 
the deep basalt aquifers within the Columbia River Basalt of south-central 
Washington by Stevens and McKinley (1995) and H2 generation from ferrous silicate 
weathering was a feasible mechanism for supporting the microbes’ primary 
production (Stevens and McKinley 2000). 
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6.1.5 Basalts from Madeira 
 
Basaltic samples were chosen for this study from Madeira due to minimal alteration 
and their mode of formation, which is potentially analogous to basalt formation on 
Mars. 
 
The Madeiran Archipelago comprises a group of mainly volcanic islands situated in 
the Atlantic Ocean 400 km north of the Canary Islands.  Madeira Island is the top of a 
shield volcano rising 6 km from the ocean floor on an underwater mountain range 
called Tore, which stands on the African plate.  It was produced by a large hotspot, 
the eastern Atlantic mantle plume.  Madeira and its associated islands may be related 
to a belt of several hotspot trails, created by the slow movement of the African plate 
(~ 1.2 cm/yr), low magma production rates compared to the pacific and Indian Oceans 
and its rotation against the European plate.  The short Madeira hotspot trail possibly 
originated in the Monchique intrusive complex in southern Portugal, offset by 
movements along the Azores Fracture Zone, south of which the trail extends through 
a line of seamounts parallel to the African coast (Czajkowski, 2002).   
 
6.2 Aim 
 
The aim of this research is to identify significant changes in basaltic rock mineralogy 
and/or chemistry which could be attributed to abiotic and biotic alteration.  
Microorganism cultures will be created and added to basaltic substrates to study their 
colonisation abilities, if they use the basalt for nutrients, and whether the substrate is 
weathered in the colonisation process to create habitable space.  Multiple analytical 
techniques will be used (see section 6.3) and will be evaluated to determine the most 
beneficial for identification of these features in terrestrial samples, and potentially 
those on Mars.    
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6.3 Materials and Experimental Methods 
 
6.3.1 Materials 
 
Sample 1964, 737(4) of alkali olivine basalt lava (Figure 6.3) was collected ½ mile 
WNW from Madalena doMar, Madeira, and is used with permission of the Natural 
History Museum, London for this experiment.   
 
 
 
Figure 6.3 Hand Specimen of Madeira basalt with olivine phenocrysts identified. Scale bar = 2 cm. 
 
The alkali basalt was cut using a diamond blade into 1 cm x 1 cm cubes.  The volume 
of each cube was measured using callipers (volume shown in Table 6.2). 
 
Cube 
No. 
Dimensions (mm) Volume 
(mm3) 
11 11.53 13.78 13.75 2183.85 
13 12.96 12.00 13.92 2164.84 
14 13.96 12.89 12.10 2177.33 
15 13.11 13.14 12.71 2189.49 
25 14.86 9.85 14.99 2194.10 
1 13.89 11.61 13.86 2234.30 
3 12.88 12.48 14.06 2259.16 
7 12.41 12.28 14.64 2230.30 
10 11.98 12.62 14.90 2252.70 
30 12.97 13.77 12.50 2231.57 
 
Table 6.2  Dimensions and volumes of selected basalt cubes. 
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Water samples of deionised (DI) water and DI water plus geothermal fluid from 
Waiotapu, New Zealand (NZ), GPS coordinate: 38°21'47.06" S, 176°22'07.46" E, 
were also used. 
 
The basalt used for the colonisation experiment was also from sample 1964, 737(4) of 
alkali olivine basalt lava, from Madalena doMar, Madeira.  The alkali basalt was cut 
using a diamond blade into four 1 cm x 1 cm cubes (Table 6.3).  
 
Cube 
No. 
Dimensions (mm) Volume 
(mm3) 
20 13.01 13.26 13.41 2313.39 
36 13.11 13.50 13.02 2304.34 
37 12.55 14.50 12.62 2296.52 
46 13.80 12.92 12.95 2308.10 
 
Table 6.3 Dimensions and volumes of basalt cubes selected for the biotic alteration experiments. 
 
The microorganisms used were incubated from a sample of outflow water from an 
Icelandic hot spring at Seltún, Krysúvík, GPS coordinates: 63°53'44.90" N, 
22°03'13.91" W (Chapter 3, section 3.1.3.2). 
 
 
 
Figure 6.4 When 100 microliters of culture is placed and striked on LA (LB + DIFCO Agar 15 g/L) 
plates, small white bacterial colonies were observed. 
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6.3.2 Aqueous Alteration Experimental Method 
 
Two groups consisting of five cubes whose volumes lie within 30 mm3 were used for 
the first experiment.  The basalt was weighed and dried out at 110 °C then weighed 
again before being inserted into a muffle furnace at 450 °C for 19 hours within 
porcelain cups (Figure 6.5a).  After the allotted time the cubes were removed and kept 
in a dessication jar until they were ready for use.  Two 23 cm long plastic tubs were 
sterilised by submersion in alcohol and heating at 50 °C for an hour. One was filled 
with 1630 ml of deionised water and the other with 1629.9 ml of deionised water plus 
0.1 ml of geothermal fluid gathered from Waiotapu, New Zealand (Figure 6.5b,c).  
600 µm spaced plastic mesh and polymer upgrade 0.14 mm thick nylon thread was 
used to create ‘cube cradles’ allowing the basalt cubes to be suspended in the tubs of 
water therefore the water was able to interact freely with the rock (Figure 6.5d). 
 
 
Figure 6.5 a. Porcelain cups within the muffle furnace. b. Plastic tubs containing the suspended basalt 
cubes. c. Cross section view into one of the tubs showing the suspended basalt cubes within the plastic 
mesh cradles. d. A magnified view of a cradle and its associated basalt cube. 
 
The tubs were left standing at room temperature (23 °C) in a temperature controlled 
laboratory at Imperial College London.  One cube plus 5 ml of the surrounding fluid 
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was removed from each tub after one week, one month and then every two months for 
the duration of seven months.  The cubes plus samples of the original rock (4O) and 
heated rock (3H) were cut to make polished thin sections and powdered for chemical 
analysis to < 25 µm in grainsize. 
 
6.3.3 Colonisation Experimental Method 
 
The original sample of Iceland geothermal water was inoculated (5 ml and 10 ml) in 5 
ml of liquid media Luria-Brothi agar (LB).  LB is made up of 5 g/L NaCl, 5 g/L yeast 
extract and 10 g/L Bacto Tryptone (see Appendix 1, Table 1.1, for yeast formula).  
This was incubated for two days at 37 °C with a control of LB alone incubated at 37 
°C.  In addition, the original sample (10 ml) was incubated for two days at 37 °C with 
no addition of LB media. 
 
The four cubes of basalt were sterilised in the autoclave under a dry cycle at 134 °C, 
for 20 minutes at a pressure of 2 bars, and were placed in LB media.  In two of them, 
5 ml or 10 ml of the sample was added (BIM2 and BIM1 respectively) and this was 
incubated for one month at 37 °C (Figure 6.6).  Control samples contained cubes with 
LB media but no sample.  An additional control for the LB media was LB alone, and 
the controls for the Iceland samples were cultures with LB media but no basalt cubes. 
 
 
 
Figure 6.6 Basalt cubes within test tubes and control samples, labelled appropriately. 
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6.4 Analytical Methods 
 
6.4.1 Optical Microscopy 
 
The nature and characteristics of the original basalt samples were determined by 
optical mineralogy of uncovered polished thin sections produced to a thickness of 30 
µm.  As well as the mineralogy of the sample, the textures (grain size, shape, 
porosity) were determined. 
 
6.4.2 Electron Microscopy 
 
High magnification images of the specimens were obtained by scanning electron 
microscopy (SEM).  A carbon coated polished thin section of each basalt cube 
specimen was examined using a JEOL 5900LV SEM operating at 20 kV and 1 nA 
with a working distance of 10 mm.  This was used to determine textural information 
about the samples and mineralogy using Oxford Instruments Inca microanalyser 
software. 
 
6.4.3 Infra-Red 
 
IR spectroscopy was carried out using a Perkin Elmer Spectrum One spectrometer 
with a perkin Elmer AutoIMAGE FT-IR Microscope attached (see Chapter 2, Section 
2.2.3) in order to identify minerals and biomolecules within the samples.  Samples of 
basalt in polished block and thin section were analysed over a spectral range of 4000 - 
700 cm-1 using an aperture of 50 * 50 μm.  Illumination of the samples was between 
35 and 47 %.  Standard reference materials of gold and quartz were used. 
 
6.4.4 ICP-AES  
 
The major, minor and trace element chemistries of the specimens were measured by 
ICP-AES in order to assess changes in chemistry of the basalts throughout the 
experiment.  Basalt cubes were powdered to < 25 µm grainsize and homogenized 
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using an agate pestle and mortar.  They were weighed and digested in HF-HClO4-
HNO3 acids.  18 MΩ deionised water was used throughout.  A standard reference 
material, BHVO1 (basalt), was prepared along with a blank of HF-HClO4-HNO3.  The 
water samples were treated with HNO3.  
 
Calibration standards, BCR1 (Columbia flood basalt); JB-3 (Japanese basalt); BHVO-
1 (Basalt); and BIR-1 (Icelandic basalt) were run through the ICP-AES procedure to 
calibrate the instrument.  The blank and BHVO-1 standard was then run through the 
instrument followed by each of the samples consecutively (for errors of ICP-AES 
analyses on the basalts see Appendix 1, Tables 1.2 - 1.9). 
 
6.4.5 XRD 
 
XRD was conducted in order to determine changes in the mineralogy of the samples 
over time.  A uniform grain size (in this case < 25 µm) of sample is paramount to 
provide a smooth surface for analysis.  Large powdered samples were used to better 
obtain a modal mineralogy and were packed into 180 mm3 aluminium wells.  XRD 
data were collected using an INEL curved position sensitive detector (PSD) with an 
output consisting of 4096 channels (each 0.03° 2θ wide) representing a total arc of 
about 120° 2θ, enabling diffraction patterns to be collected simultaneously at all 
angles.  Silicon and Ag-behenate were used as external standards for the 2θ 
calibration of the detector. The 2θ linearization was performed with GUFI software.  
For a review of XRD techniques see, Cressey and Schofield (1996). 
 
6.4.6 DNA Extraction and PCR 
 
DNA extraction was undertaken in order to characterise the microorganisms used in 
this study.  Bulk environmental (genomic) DNA was extracted using a mechanical 
bead-beating protocol optimized for efficient extraction of high quality DNA with Q-
BIOgene's FastDNA Spin Kit for Soil.  Details can be found in Chapter 2, section 2.8. 
 
The polymerase chain reaction (PCR) allows small samples of DNA to be quickly 
increased to quantities large enough for analysis.  PCR allows you to amplify a 
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specific target gene sequence that is characteristic of a certain organism.  Details on 
PCR and the protocol adopted can be found in Chapter 2, section 2.9. 
 
6.4.7 GCMS 
 
Basalt cubes powdered to ~ 25 μm in grain size were used and weighed to 1 g and a 
solvent mixture of 97:3 v/v of dichloromethane/methanol (DCM/MeOH) of around 75 
ml was added.  Compound detection of the  hydrocarbons was performed with an 
Agilent Technologies 6890 GC coupled to an Agilent Technologies 5973 quadruple 
mass selective detector (MSD) using a HP-ULTRA-2 fused-silica capillary column 
(50 m × 0.20 mm i.d. coated with 0.11 μm cross-linked 5 % -diphenyl– 95 % -
dimethyl siloxane as stationary phase) and helium as carrier gas.  For more detailed 
techniques see Chapter 2, Section 2.6.1. 
 
6.5 Results 
 
6.5.1 Basalt Aqueous Alteration Experiment 
 
6.5.1.1 Mineralogy 
 
The basalt used in the experiments has a porphyritic texture with a fine-grained 
groundmass consisting of 35 % phenocrysts.  Olivine makes up 70 – 80 % of these 
with ~ 20 - 30 % pyroxene.  The olivine phenocrysts are embedded in the groundmass 
ranging in size from > 4 mm to < 100 μm, are anhedral to subhedral in shape and are 
traversed by random conchoidal fractures.  In plane polarised light (Figure 6.7a) the 
olivine phenocrysts are identified by their high relief and pale colour.  Zoning is 
visible with the rims an orange-brown colour.  In crossed polars (Figure 6.7c), 
individual crystals show first-, second-, and third-order interference colours due to 
different orientations of cutting of the crystals.  The zoning identified above is shown 
by a change in interference colour between the centre and rims of the crystals 
indicative of a change in chemistry.  Alteration is also found along fractures through 
the crystals.  Olivine crystals are found throughout the groundmass.  Pyroxene 
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phenocrysts (Figure 6.7b) are < 1 mm in size hexagonal crystals, and are euhedral and 
mostly equant.  They are brown coloured in plane polarised light and have a 
maximum high second-order birefringence in crossed polars.  Like the olivine 
phenocrysts, the clinopyroxene phenocrysts are fractured however they contain two 
cleavages crossing at 90°, and appear to contain, and be overlain by, opaque minerals.  
Clinopyroxene crystals are also found within the groundmass.   
 
The groundmass (Figure 6.7d) consists of plagioclase feldspar laths with 
polysynthetic twinning, olivine and pyroxene, all < 10 μm in size and opaques < 100 
μm in size.  The plagioclase makes up ~ 50 % of the groundmass.  They sometimes 
appear randomly orientated between phenocrysts but are also sometimes observed to 
‘flow’ around them (Figure 6.7a,b).  The opaque minerals range from anhedral to 
euhedral in shape and appear to have formed in more than one event as they are found 
within the groundmass and also to overlap groundmass material. 
 
 
Figure 6.7 Light microscope images of selected areas within the basalt cubes. a. Plane polarised light 
image of olivine phenocrysts, groundmass and opaque minerals. b. An XPL image of a pyroxene 
phenocryst. c. An XPL image of an olivine phenocryst with compositional zoning prevalent along 
fractures shown by a blue/green colour. d. XPL image of groundmass. Scale bar 100 microns. 
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Combined qualitative SEM EDS analyses and IR spectroscopy have identified the 
elemental compositions of the minerals within the basalt cubes and the IR spectra 
produced by each mineral.  Figures 6.8 and 6.9 show the IR spectra associated with 
individual minerals on a BSE image of the basalts.  Figure 6.8a shows the IR 
spectrum of olivine with a major peak at 914 cm-1, minor shoulders at 834 and 976 
cm-1, and a small neighbouring peak at 1058 cm-1.  This is comparable to sample 
olivine.4 from the ASTER (http://speclib.jpl.nasa.gov/) spectral library.  This olivine 
had a forsterite (Fo) composition of 41, therefore the olivine phenocryst in Figure 6.8 
is possibly a more Fe-rich variety.  EDS analyses indicate a more Mg-rich mineral 
although in these samples, EDS is not quantitative.  The Christiansen feature is 
relatively broad and stretches between 1242 and 1276 cm-1.  Spectra b of Figure 6.8 is 
that of plagioclase feldspar with the main peak at 998 cm-1 and a shoulder peak at 
1118 cm-1.  The shape of the dark grey crystals in the SEM image not only resemble 
those of the laths seen in Figure 6.7 but EDS analyses show the mineral to be 
composed of Al, Si, Ca, Fe and O with minor Na wt% values that correspond to 
anorthite (CaAl2Si2O8).  The Christiansen feature is at 1250 cm-1.  According to 
optical mineralogy the small grey minerals within the groundmass are composed of 
olivine and pyroxene.  The spectrum in Figure 6.8c is that of augite as identified 
through the ASU (http://speclib.asu.edu/) spectral database, sample #480.  There are 
two main peaks identified.  The first is split at the top into peaks at 914 and 940 cm-1 
with a shoulder at 988 cm-1.  The second peak is at 1104 cm-1 with the Christiansen 
feature at 1250 cm-1.  EDS analyses show augite to have greater amounts of Ti and Al, 
1.87 and 4.14 wt% respectively, than is typical of basalts. 
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Figure 6.8 A BSE image of basalt.  Three IR spectra of three minerals are shown. Scale = 700 μm. 
 
The high BSE potential minerals within the basalt samples are iron titanium oxides, 
but a difference in the shades of grey indicate two different minerals found together 
(Figure 6.9a).  EDS analyses found the lightest grey mineral to be composed on 
average of ~ 10 wt% Ti, ~ 50 wt% Fe and ~ 25 wt% O with analytical totals ~ 93 - 95 
wt%, indicative of ulvöspinel.  The associated grey mineral however has roughly 
equal proportions of Ti, Fe and O of ~ 30 wt%, indicative of ilmenite.  These 
titanomagnetites are individually smaller than the 50*50 μm sample size of the IR 
beam and so an overall FeTi-oxide spectrum was obtained.  It has continual high 
reflectance throughout the 4000 to 700 cm-1 spectral range with the main peak at 964 
cm-1 and sister peaks at 934 and 986 cm-1, a shoulder at 1064 cm-1 and another minor 
peak at 1206 cm-1.  The Christiansen feature is at ~ 1246 cm-1.  Spectrum b of Figure 
6.9 identifies olivine crystals within the groundmass, but displays a different IR 
spectrum to that of the phenocrysts.  This spectrum has peaks at 938, 972 and 1000 
cm-1 and a Christiansen feature at 1246 cm-1.  This is similar to sample olivine.13, 
Fo92, of the ASTER spectral database.  The olivine in the groundmass may be more 
Mg-rich than those that make up the phenocrysts.  Due to the 50*50 μm sample area 
of the IR beam, this spectrum will include ulvöspinel inclusions that contaminate the 
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spectra.  The IR spectrum of an interstitial area within the basalt groundmass in shown 
in Figure 6.9c and shows a single peak at ~ 1000 cm-1 with minor peaks at its tip.  
This resembles the spectrum of silica glass with contamination of surrounding mineral 
phases.  These interstitial spaces were analysed by EDS and indicated that the 
feldspathoid nepheline was commonly present.  The IR spectrum however does not 
exactly match that found in the ASTER spectral library for nepheline.  The BSE 
images and EDS analyses identified interstitial apatite in < 5 vol% of the rock which 
was not identified in IR spectra. 
 
 
Figure 6.9 A BSE image of basalt.  Three IR spectra of three minerals are shown. Scale = 700 μm.  
The red star indicates the position of apatite within the samples but was not identified with IR. 
 
The basalt samples were heated, containers sterilised and the water deionised and 
taken straight from the source into the experiment.  This protocol was designed to 
remove any biotic material from the experiment that could contaminate the samples 
and thus ensure that alteration was dominated by hydration and aqueous dissolution.  
Infra-red has been shown in previous chapters to be able to identify organic 
reflectance bands in numerous rock types and would be expected to highlight any 
organics in the experiment if they existed.  Figure 6.10 shows spectra taken from the 
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samples after they were heated and after seven months submersion.  The reflectance 
scale has been expanded to show the minor organic ‘fingerprint’ region at the expense 
of the silicate bands.  The samples were powdered to create a homogenous source.  
The only organic bands identified were that of υ(OH) (Tamm and Tatulian, 1997) 
producing a broad band between 3060 - 3668 cm-1 and a peak at ~ 1700 cm-1 that may 
be the υ(H2O) bending mode.   
 
Figure 6.10 a. Heated basalt cube showing the broad IR band of υ(OH). b. Cube 30 (31 weeks 
submersion) spectrum also showing the υ(OH) band but no other organics.  The x- and y-axis have 
been adapted to highlight the organic fingerprint region. 
 
6.5.1.2 Geochemistry 
 
The basalt cubes and solutions were analysed using ICP-AES techniques and the 
results are shown in Appendix 2, Table 2.1 and Table 2.3 respectively.  All data are 
presented as ratios to CI chondrite in order to allow comparisons between elements 
with very different abundances.  This chondrite group is the most primitive of all 
carbonaceous chondrites, whose compositions are considered to be most 
representative of the bulk Earth. 
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The elemental concentrations from the basalts tested are plotted in Figure 6.11 in 
decreasing atomic number.  Figure 6.11 shows a log plot for the original basalt 
composition, the composition of the basalts after heating at 450 °C and the basalt 
compositions after 15 weeks and 31 weeks submersion in deionised water.   
 
 
Figure 6.11 ICP-AES abiotic basalt experiment rock chemistry results over time.  The original, heated, 
cube 7 (15 weeks submersion) and cube 30 (31 weeks submersion) results for all elements analysed are 
shown.   
 
After heating of the basalt, Yb, Sr, Rb, Cu, V, Sc, Na and Li decreased in abundance 
by < 20.8 % and Cd, As, Zn, Co, Cr and Mg by < 8.7 % from the starting material.  
After 15 weeks, Ce, La, Li and Y abundances increased by 0.1, 1.8, 1.35 and 0.8 % 
respectively with all other elemental abundances decreasing by < 10 % except Cr and 
Ni which decreased by 19.25 and 19.94 % respectively.  After a further 16 weeks 
submersion increased abundances of < 6 % of Mg, Ba, Co, V and Yb were observed 
with P and Cr increasing by 116.39 and 25.68 %.  Abundances of Si, Al, Fe, Ca, Na, 
K, Ti, Mn, Ce, Cu, La, Ni, Sc, Sr, Y, Zn and Zr decreased.  Ce, Cu, La, Sc, Sr and Zn 
decreased by 40.21, 18.60, 37.31, 43.18, 28.41 and 23.04 % respectively whilst the 
other elements decreased by < 14 %.  The greatest changes observed in elemental 
abundance over time were the Rare Earth Elements (REE) and Sc that are large ion 
lithophile elements and thus more mobile in water (Figure 6.12).  La and Ce are seen 
to increase slightly over time until 23 weeks when there is a significant drop in 
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abundance.  Some elements fluctuated over the seven months of the experiment, 
decreasing in concentration within the basalt but then increasing after more time 
within the water.  These elements include Ce, La, Ba, Zr, Cu, Mn, Cr, V, P and Mg. 
 
 
Figure 6.12 Graph showing the change in wt%/CI concentration of Yb, Ce and La over 31 weeks. 
 
ICP-AES was also used to analyse the elemental concentrations within the water 
surrounding the basalt cubes.  The results are shown in Appendix 2, Table 2.3.  There 
are distinct changes in most elements within the water after seven months of 
interactions with the basalt.  After three months Na, Mg, K and Ca increased by < 0.5 
ppm whilst P, S, Ti, Cu, Zn and As decreased in concentration by < 0.05 ppm.  Seven 
months into the experiment Na, P, S, K, Ti, Cu, Zn, and As increased, Mg, Al and Ca, 
decreased in concentration all by < 1.5 ppm.  As observed in the basalt chemistries 
above, some elemental concentrations in the water fluctuated over time; Mg, Ca and 
Ti increased then decreased, and P, S, Cu, Zn and As decreased then increased.    
 
The water samples and basalt samples were extracted together at regular intervals to 
allow comparisons of their elemental concentrations at specific times.  Figure 6.13 
shows a comparison between the first basalt cube and water sample, and the last, for 
Na, Ca and K.   
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In Figure 6.13, and from Tables 2.1 and 2.3 in Appendix 2, it is clear that changes in 
the elemental concentrations within the water are minor compared to those observed 
in the basalt as would be expected from mass balance due to the greater volume of 
water compared to the basalt.  The overall trends of cube 1 (week 3), cube 30 (week 
31) and the initial water composition are similar and compliment each other.  When 
cubes 1 and 30 are compared to the water removed at 31 weeks there is a positive 
correlation i.e. when an element is lost from the basalt cubes, it increases in the water. 
 
 
Figure 6.13 ICP-AES water and corresponding basalt data for Na, Ca and K over the 31 week 
experiment.  The left hand y-axis is for the rock concentrations and the right hand y-axis for the water 
concentrations.  It can be seen that Na, Ca and K decrease within the rock over time and in general 
increase within the water. 
 
The major oxide concentrations SiO2, Na2O and K2O were used from each basalt cube 
in the experiment and were plotted onto a TAS plot (Figure 6.14).  The original, 
heated and cubes 1, 11 (3 weeks submersion), 3 and 13 (7 weeks submersion) of 
basalt are located on the Basanite-Basalt boundary, however, cubes 7 and 14, 10 and 
15, 30 and 25 (15, 23 and 31 weeks submersion respectively) are located in the 
Tephrite or Basanite field, close to the Picro-basalt field.  This shows that the basalt 
has chemically changed over the course of the experiment however the cubes were all 
cut from the same sample so there is heterogeneity on cm-scales that needs to also be 
addressed. 
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Figure 6.14 IUGS classification of volcanic rock types, (TAS) plot with the total alkalis and silica 
plotted for the abiotic basalt experiment cubes.  The location of each cube on the plot is shown in red.   
 
6.5.2 Biotic Alteration of Basalt 
 
6.5.2.1 Microbiology 
 
The geothermal water, when added to nutrient agar, produced white coloured bacterial 
culture and a black precipitate, when inoculated with liquid media LB and incubated 
at 37 °C for two days.  When the water was heated at 37 °C but not inoculated, no 
observable bacterial cultures were produced.   
 
The colonisation experiment (Figure 6.6) produced some interesting results.  After 
one month of incubation the control with LB media was clean.  The liquid was clear 
with no precipitates of any kind observed (Figure 6.15c).  The control for the Iceland 
sample produced a cloudy solution with a white coloured culture at the base (Figure 
6.15c red arrows) and strands of biofilm floating within the liquid.  The test tubes that 
contained the basalt cubes with LB media and 5 or 10 ml of Icelandic geothermal 
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water, produced white coloured culture at the base of the tube, a white biofilm that 
coated the cubes and a black precipitate (Figure 6.15a).  The control that contained the 
LB media and basalt cubes produced a yellow culture that coated the basalt cubes and 
caused the surrounding solution to turn a darker yellow in colour (Figure 6.15b).  A 
yellow mass was observed at the base of the test tubes and no black precipitate was 
formed.  
 
The DNA extraction of the cultures used in this experiment is described in Chapter 
2.8.  Analysis of the microorganisms present was carried out by construction of a 
phylogenetic tree using a maximum parsimony method, a non-parametric statistical 
method that produces the best phylogenetic tree to explain relationships between taxa 
or species that requires the least number of evolutionary changes.  This method 
provided a tree with the most parsimonious branching for the microorganisms present.  
The horizontal branch lengths are meaningful to show the degree of relations between 
the taxa on the tree.  The vertical branch lengths are schematic. 
 
Bactree1 (Figure 6.16a) shows several groups of Bacteria and the relationship 
between them and the cultured samples.  Several clones of sample DNA were chosen 
that appeared to be more unique and were put on the tree (Figure 6.16).  Most fall into 
one small area and are grouped together as one branch shown in more detail in 
Bactree2 (Figure 6.16b).  One clone (Iceland B29) falls separately from this group.  
Iceland B29 (Ice B29) is a clone that was identified using a BLAST search as 
potentially Cyanobacterial in origin.  This phylogenetic analysis was intended to 
identify the particular clone as it was least likely to have originated by contamination.  
Unfortunately, the Ice B29 sequence was very short with only 120 base pairs.  It is, 
therefore, very difficult to get a good phylogenetic analysis.  This tree implies that Ice 
B29 is closely related to Thermus albeit with a low degree of confidence.   
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Figure 6.15 a. The test tubes containing basalt cubes with LB media and 5 or 10 ml of Icelandic 
geothermal water.  White coloured culture was produced at the base of the tube, a white biofilm that 
coated the cubes (red arrows) and a black precipitate. b. The control that contained LB media and 
basalt cubes produced a yellow culture that coated the basalt cubes (red arrows). A yellow mass was 
observed at the base of the test tubes. c. The control test tube remained clear.  The control for the 
Iceland sample produced a cloudy solution with a white coloured culture at the base (red arrows) and 
strands of biofilm floating within the liquid. 
 
The numbers placed at the nodes of branches in the diagrams are the results of 
‘bootstrapping’, which is a method of showing the level of confidence that each 
branch position holds.  A bootstrap value of 100 means a 100 % certainty in branch 
location.  The nodes in front of Ice B29 did not get bootstrap values meaning that it 
branched in the same way < 50 % of the time in making 1000 trees, and is, therefore, 
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not a robust topology.  It is very difficult to say what microbial species Ice B29 is, 
except that it is different from the other sequences retrieved. 
 
Bactree2 (Figure 6.16b) is a higher resolution version of Bactree1 (Figure 6.16a) 
presenting the relationship between each of the clones created from the original 
culture.  The majority of the clones fell within the bacterial group of Firmicutes, gram 
positive Bacteria.  In this tree there are two closely related groups of Firmicutes; one 
group of Ice B12, B28 and B14, and another group with Control A4 and A5 with Ice 
B32.  There are no horizontal branches for Ice B12, B28, or B14 because the 
sequences are essentially identical.  Ice B29 was also placed on Bactree2 but it did not 
fall in the cyanobacteria group as the BLAST results suggested. 
 
6.5.2.2 Mineralogy 
 
The mineralogy and textures of the basalt cubes were analysed using the same 
analytical methods as previously conducted in section 6.5.1.1.  There did not appear to 
be any significant mineralogical or textural changes within these samples compared to 
those described in section 6.5.1.  XRD analyses agreed with this assessment however 
a copper oxide mineral, cuprite (Cu2O), was found within the powdered basalt cube 
samples exposed to the bacterial cultures (samples BIM1 and 2).  This pale 
brown/orange copper oxide is visible on the surface of the cubes (Figure 6.17) mainly 
at the corners and along the edges of the cubes, and filling pits on the cube faces.   
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Figure 6.16 a. Bactree 1 and b. Bactree 2 with the cultures from this study highlighted in bold. 
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Figure 6.17 Basalt cube with a coating of Cu-oxide ferrihydrite at the corners and within surficial pits. 
Scale bar = 0.5 cm. 
 
6.5.2.3 Geochemistry 
 
The basalt cubes (BIM1, BIM2, BBL1 and BBL2) were analysed using ICP-AES 
techniques and the results are shown in Appendix 2, Table 2.4.  All data are presented 
as ratios to CI chondrite. 
 
In comparison to the original basalt sample from Madeira, cubes BIM1 and 2 exposed 
to the culture have increased % abundances of Ce, Nb, Y, Rb and Co.  The greatest 
change was seen in Ce, Nb and Co which increased by 124.4, 34.7 and 21.2 % 
respectively.  Decreased % concentrations of Yb, La, Ba, Zr, Sr, Zn, Cu, Ni, Fe, Mn, 
Cr, V, Ti, Sc, Ca, K, P, Si, Al, Mg and Na, were recorded however Cu, Ni, and La 
showed the greatest decrease of 36.3, 17.8 and 14.1 % respectively whilst the other 
elements decreased by < 14 %.  Comparisons between the control samples and the 
inoculated samples show that only Ce, La, Sc and Nb differ in concentrations and 
only between 1 and 3 wt%.  A copy of Figure 6.12 shows the REE elements from the 
aqueous alteration experiment compared with those from the biotic alteration 
experiment.  It can be seen that there is a sharp decrease in La abundance over 4 
weeks in the biotic experiment in comparison with the increase observed in the 
aqueous experiment.  A nearly 100% increase in Ce abundance is observed in the 
biotic experiment compared with the original sample, whereas the aqueous 
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experiment shows a much smaller increase.  Yb shows a decrease in abundance in 
both experiments however by a larger amount in the biotic one. 
 
 
Figure 6.18 Graph showing the change in wt%/CI concentration of Yb, Ce and La over 31 weeks.  
Points in yellow represent the basalt cubes from the biotic alteration experiment, at the start of the 
study and after 4 weeks.  The points are joined by coloured lines representing the three elements. 
 
The element Ba however has a 14.4 % greater value in the average control sample 
than the inoculated ones.  It can be seen from Figure 6.19 that the abundance of Ba in 
the inoculated basalts is lower than in the original samples, the control samples and 
cube 30 which was submerged in water for 31 weeks.  The four basalt samples in 
Figure 6.19 follow similar trends and abundances for most elements except for the 
REE’s Ce and La, and Ba, Nb, Sr and to a lesser extent for Ti and Sc. 
 
The four basalt cubes were plotted onto the TAS plot in Figure 6.20.  BIM2 sits on the 
boundary between Picro-basalt and Basanite with BIM1 next to the boundary.  BBL1 
and 2 are within the Basanite field and have the same total alkali composition.   
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Figure 6.19 Wt%/CI concentration graph for all elements within the original basalt samples, basalt 
with Icelandic microorganisms, basalt control and cube 30 (31 weeks submersion).  A magnified 
version of the graph to show minor wt% changes within the lower atomic weight elements is shown. 
 
6.5.2.4 Organic content 
 
IR reflectance spectroscopy was used to assess the organic content of the four basalt 
cubes.  The control basalt cubes produced spectra like those in Figure 6.10 whereby 
υ(OH) bands were observed and possible υ(C=O) functional group bands at ~ 1740 
cm-1.  Samples BIM1 and 2 however displayed numerous reflectance bands 
representing functional groups (Figure 6.21).  Phenocrysts of olivine and pyroxene 
were analysed with no organics detected.  An extremely minor υ(OH) band was seen 
(Figure 6.21a) but is < 0.5 % reflectance in amplitude.   
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Figure 6.20 IUGS classification of volcanic rock types, (TAS) plot, with biotic alteration experiment 
basalt cubes plotted and identified in red. 
 
The IR spectra taken from the FeTi-oxides, encompassing both ilmenite and 
ulvöspinel phases, (Figure 6.21b) displayed minor reflectance bands at 1458 cm-1 
assigned to δ(CH2), 1540 cm-1 assigned to δ(N-H) and υ(C-N) of Amide II, 2880 cm-1 
assigned to υ(CH3) symmetric and a narrow υ(OH) band at 3256 cm-1.  The interstitial 
Si-rich material (Figure 6.21c), probably melt glass, also contains minor reflectance 
bands at 1458 cm-1 assigned to δ(CH2), a υ(C=O) Amide I band at 1654 cm-1, a 
υ(CH2) asymmetric band at 2928 cm-1 and a broad υ(OH) band between 3020 and 
3650 cm-1.  For comparison, the resin used in preparation of the basalt cubes for 
analysis is shown in Figure 6.21d.  Organic reflectance bands are much stronger and 
include Amides I and III, δ(CH2), υ(CH3) symmetric and asymmetric bands and a 
shallow υ(OH) band.  
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Figure 6.21 IR spectra of a. olivine phenocryst, b. ulvöspinel. c. si-rich material, possibly glass. d. 
resin. The organics identified are shown. 
 
GCMS analysis mainly discovered evidence of plasticisers as contaminants to the 
samples and minor unknown alkanes.  Peaks indicative of a possible pigment were 
also found as well as a peak representative of squalene. 
 
6.6 Discussion 
 
6.6.1 Mineralogy 
 
The basaltic rocks used in this study plot on the TAS classification graph (Figure 
6.22) within the Basanite field, close to and slightly overlapping the Picro-basalt and 
Basalt fields.  The basalts in this study contain augite phenocrysts which contain a 
greater amount of titanium, aluminium and sodium which is common within 
Basanites.  Chemically, basanites are low in silica (42 - 45 wt% SiO2) and high in 
alkalis (3 - 5.5 wt% Na2O and K2O) compared to basalt.  Basanites are found to occur 
on continents and on ocean islands, and are commonly formed together with basalts 
by hotpsot volcanism which may be expected to occur on Mars. 
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The TAS plot in Figure 6.22 compares the basalt cubes from the aqueous alteration 
experiment, blue squares, and the cubes from the colonisation experiment, red 
squares.  The cubes can be divided into three groups.  The blue cluster located on the 
boundary between the Basalt and Basanite fields is made up of the original and heated 
samples plus samples from three weeks (cubes 1 and 11) and seven weeks (cubes 3 
and 13) of the experiment.  The other blue cluster of cubes represents the results from 
the last four months of the abiotic alteration experiment.  The red squares in between 
are the biotic alteration cubes after completion of the experiment at one month.  
Despite the minor elemental differences observed via ICP-AES analyses between the 
different cubes, this plot highlights the overall effect that abiotic and biotic alteration 
has had on the basalts.  The trends of the two experiments are similar, both indicating 
a decrease in SiO2 and Na2O + K2O wt% over time.  The red squares indicate that the 
addition of microorganism culture to the basalts may have accelerated alkali metal 
mobility and/or dissolution compared with the aqueous alteration basalts that were 
also analysed after one month but showed no significant change in alkali content from 
the original material.  Although there is an observable difference between the alkali 
content of the two experiments over time, the total alkali and silica content cannot be 
used as a biomarker independently, except potentially with good constraints on the 
age of the deposits being analysed. 
 
Figure 6.22 Composite, cropped TAS plot of basalt cubes from both experiments. 
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Figure 6.23 compares the abiotic and biotically altered basalts from this study with 
selected APXS data (green data points) from Gusev crater (Gellert et al, 2006).  SiO2 
and Na2O + K2O wt% data for rock outcrops and soil surrounding and in the 
Columbia Hills are listed in Table 6.4. 
 
Sol, Type, Sample Name SiO2 Na2O K2O 
14 SU Gusev_Soil 46.3 2.8 0.48 
34 RR Adirondack_RAT 45.7 2.4 0.07 
59 RR Humphrey_RAT1 46.3 2.8 0.13 
197 RR WoolyPatch_Sabre_RAT 46.8 3.3 0.07 
218 RR Clovis_Plano_RAT 42.2 3.6 0.35 
232 RR Ebenezer_RAT 47.4 2.3 0.33 
259 SD Disturbance_soil 46.4 3.2 0.46 
280 SD Coffee_disturbed_soil 45 3.2 0.42 
287 RR Uchben_Koolik_RAT 45.6 2.4 0.35 
335 RR Wishstone_chisel_RAT 43.8 5 0.57 
356 RR1 champagne_RAT1 43.4 5 0.53 
377 RR1 Peace_RAT1 37.1 0.4 0.01 
 
Table 6.4 APXS data from Gusev Crater, Mars taken from Gellert et al (2006). SU = soil undisturbed, 
RR = rock ‘ratted’ (abraded), SD = soil disturbed 
 
The Martian rock data mainly falls within the Basalt field with Wishstone Class and 
Peace Class rocks falling within the Basanite and Nephelinite or Melilitite fields 
respectively.  The sample of disturbed soil named Coffee matches exactly the heated 
basalt cube sample and those having undergone less than a month of abiotic aqueous 
alteration.  The blue point that sits slightly to the left of these is the original basalt 
composition.  It is clear that none of the plotted Martian rocks matches those of the 
current study.  This may be because the Martian rocks are not compatible with the hot 
spot basanites used in the experiments, as the basalts on Mars are of a different 
composition due to a different formation mechanism.  The basalts on Mars have also 
undergone extensive aqueous alteration in places and many of the samples in Table 
6.4 have possible impact ejecta and explosive volcanism effects emplaced on them, 
causing their chemistries to differ from terrestrial basalts.  The observation that 
Wishstone Class rocks are located in the same field as the minor aqueously altered 
basalt cubes is interesting as they have comparative mineralogies and this class is the 
least aqueously altered class (Squyres et al., 2006) observed so far on Mars. 
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Figure 6.23 Composite TAS plot with all basalt cube data and selected APXS Gusev rock data (Gellert 
et al., 2006). 
 
The interaction of basalt with fluids begins with dissolution.  In low temperature 
static-fluid systems such as this one, those with low-pH values have stoichiometric 
dissolution and as pH rises, dissolution proceeds non-stoichiometrically.  This is the 
case with most natural water on Earth.  The basalts of this experiment that underwent 
submersion in water for several months had several non-stoichiometric elemental 
exchanges with the surrounding water.  The basalt cubes lost concentrations of 
elements such as Ti, Zn, Sr, Na, Fe, Ca and K whilst the surrounding water increased 
in these elements.  Ce and Si levels also decreased within the basalts however they 
were not measured during the water analysis.  The basalt cubes gained greater 
concentrations of elements such as Ba and Mg, with Ca and P concentrations 
fluctuating over time whilst the concentration of these elements in the water 
decreased.  Dissolution is controlled by the crystal chemistry of the phase being 
dissolved.  Silicate minerals readily release ionically bonded non-structural 
constituents i.e. olivine liberates Fe2+, Mg2+ and H4SiO40.  Framework silicates such 
as feldspars initially release K+, Na+ and Ca2+.  Water soluble phases such as 
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carbonates, sulphides and sulphates are likely to be taken into solution rapidly and 
lead to changes in compositions dependent on the abundances of these phases.  The 
loss of Fe, Ti and Zn from the basalts would be due to phases of ilmenite and 
ulvöspinel reacting with the surrounding water.  Hydration of phases such as olivine 
and feldspar may also play a role in elemental depletion albeit at a lower degree than 
highly water-soluble phases.  The depletion of elements such as Ca, Na and K are 
likely to originate due to the weathering of feldspars.  Increases in the concentration 
of elements such as Mg and Ca may indicate that minor carbonate formation is 
occurring within the basalts which are as yet undetectable by X-ray diffraction or 
SEM/optical techniques.  The fluctuating Ca levels may be due to the loss of Ca from 
feldspars and simultaneous precipitation of carbonates.   
 
The observed loss of the LREEs La and Ce after 23 weeks in the aqueous alteration 
experiments may be due to a sudden increase in the rate of apatite removal as the 
apatite may contain the bulk of the REE.  The dissolution of apatite after 23 weeks is 
likely to be a function of water pH which was not constrained in the experiments.  The 
biological weathering experiment suggests that the REEs experience fractionation in 
the presence of microorganisms with the abundance of LREE (La and Ce) changing 
dramatically with decreases in La and increases in Ce.  Geochemically these elements 
behave very similarly.  It is suggested here that loss of La and retention of Ce occurs 
through microbial digestion of apatites as a nutrient (P) source.  Preferential loss of La 
compared with Ce may occur due to its higher mobility in aqueous solutions once 
liberated from the apatite lattice by microbial action since considering the similar 
ionic size and electronic structure of these two elements it seems unlikely that Ce 
retention could be explained by preferential metabolic uptake. 
 
6.6.2 Biology 
 
Organisms utilise the lighter, and more abundant, elements.  Organisms are made up 
of C, H, O, N, S, P, K, Mg, Fe, Ca and Mn with traces of Zn, Co, Cu and Mo so these 
elements must be required in some form (Figure 6.24).  The essential elements needed 
in biological systems are H, C, N, O, P, S (required as bulk ‘organic’ elements), Na, 
K, Cl, Mg, Fe (a considerable requirement), Ca, Mn, Co, Ni, Zn, Mo (W), Se 
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(required in variable trace amounts), B, Si, V, Cu (needed by some organisms) and Sr, 
Ba, F and I which are only essential to a few organisms (Williams, 2006).   
 
 
 
Figure 6.24 Biochemical periodic table (http://umbbd.msi.umn.edu/periodic/) Accessed: 10/05/08. 
 
The basalt cube (BIM1), which was placed in growth media and Icelandic culture, 
showed the greatest elemental changes compared to the control samples with 
increases in the concentration of Yb, Ce, La, Nb, Zr, Rb, K, P, and Na, and decreases 
in Ba, Sr, Cu, V, Ti, Sc, Ca and Al.  Certain elements behaved differently in the 
biological experiments than the aqueous alteration experiments, such as Ce and Nb 
which increased in abundance in the biological samples but was lost in the aqueous 
ones, and P, Mg and Ba that increased in the aqueous experiment but decreased in the 
biological.  Many elements behaved similarly, mainly decreasing in abundance in the 
basalt in both experiments, such as Na, K, Ca, Ti, Cu, Fe and La, however they were 
lost in much greater abundance, sometimes up to 400%, in the biological experiments 
after 4 weeks.  The decrease of element concentrations within the basalt may imply 
removal due to microbial actions or growth media-rock interactions. 
 
The potential biological use for the elements above is discussed below.  No biological 
role for barium has been identified within prokaryotes however dissolution of barite 
by microorganisms has been demonstrated by Bolze et al (1974) that increased 
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soluble barium levels in localised environments and removed barium from substrates.  
No essential biological function has been identified so far in prokaryotes or fungi for 
strontium, but Sr2+ can replace Ca2+ in some biochemical and physiological processes.  
Biosorption of Sr2+ by yeast and filamentous fungal biomass has been demonstrated 
(de Rome and Gadd, 1991) and strontium accumulation by bacteria has also been 
described (Zharova, 1961; Belimov et al, 1998).   
 
Ti, Sc and Al have no biological role but may be bound, transported, reduced or 
methylated by bacteria and/or fungi.  Transition metals V, Mo, W, Mn, Fe, Co, Ni, 
Cu, and Zn can serve as osmotic regulators, as structural glue and as catalytic centres 
for hundreds of cellular reactions.   Metals in biological catalysis are significant as 
greater than one-third of all characterized enzymes are metalloenzymes. Thus metals 
serve important functions in all facets of bacterial metabolism.  Finally, the major 
element cations of Ca2+, Mg2+, Na+ and K+ are required for a variety of biochemical 
and physiological processes.  K+ is the most abundant monovalent cation in 
prokaryotic cells and is important in the maintenance of pH and electrochemical 
gradients.  Prokaryotes use Na+ gradients for solute transport (Wilson and Ding, 2001) 
and, in some species, to drive flagella motors (Imae and Atsumi, 1989) or to generate 
reducing power (Dimroth, 1997).  The roles of Mg2+ and Ca2+ in prokaryotes are not 
as clearly defined.  Mg2+ is the most abundant divalent cation in cells and functions as 
a cofactor for many enzymes and stabilizes ribosomes and membranes.  Ca2+ is found 
in prokaryotes in micromolar concentrations and has been implicated in a range of 
cellular functions including chemotaxis, sporulation, enzyme activation, and 
membrane stabilization (Smith, 1995).  The presence of acetate (an ester of acetic 
acid) and oxalate (a ligand) promotes secondary pore development and increased 
feldspar dissolution rates in sandstones (Franklin et al., 1994), due to the formation of 
Al-organic acid anion complexes.  Organic acids can interact with mineral surfaces in 
the environment in two ways, either coating the mineral and protecting it from 
dissolution or increasing rates of dissolution, depending on the nature of the 
interaction (Sayer et al., 1997). 
 
The loss of the above elements from the basalt is in general unlikely to be the result of 
action by the cultured microorganisms for use in biological systems as most of the 
elements discussed have little or no use or can be attributed to abiotic processes.  The 
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elements may however have been mobilised during secondary processes.  The 
concentration loss of Ba between BIM1 and the control is noteworthy as it may be an 
indication of minor microbial interactions occurring with the substrate.  Due to abiotic 
basalt alteration discussed earlier, Ba concentrations increased within the basalt cubes 
whereas the addition of microorganism culture caused the abundance of Ba to 
decrease in the basalt, indicating a use for or dissolution of Ba by the microorganisms 
present.  
 
The ability of microorganisms to leach and mobilize metals from solid materials is 
based on the following three mechanisms: (i) redox reactions, (ii) formation of 
inorganic acids, and (iii) excretion of complexing agents (e.g., organic acids).  The 
decrease in Ba concentrations within the basalts of this study exposed to microbial 
cultures may show a basic elemental exchange caused by microorganisms colonising 
the volcanic rocks.  Studies on both aquatic sediments (Finlay et al., 1983; Stroobants 
et al., 1991; Cattaldo et al., 1998; Schenau et al., 2001) and terrestrial subsurface 
sediments (Kaiser et al., 1987 and Spirakis, 1991) suggest that biologic activity plays 
an important role in modulating the solubility of barium.  Senko et al (2004) presented 
results of microbially mediated barite deposition through sulphide-rich spring water in 
a continental setting.  Anaerobic, anoxygenic, phototrophic bacteria play a dominant 
role in oxidisation of sulphide to sulphate.  Sulphate then precipitates with Ba2+ 
producing barite as travertine, cements, crusts, and accumulations on microbial mats.  
Barite is commonly found on Earth as precipitations within veins and faults in 
volcanic- hydrothermal environments and around hot springs covering microbial 
populations and would be expected to be common in similar settings on Mars and 
may preserve the microorganisms that helped it form. 
  
Microorganisms not only have a role in the production of sulphates but have been 
shown to use them in the formation of biogenic sulphides such as pyrite and 
sphalerite.  Shen et al (2001) reported the discovery of microscopic sulphides in ~ 
3.47 Ga old barites that formed in conduits for hydrothermal fluid circulations from 
North Pole, Australia produced by microbial sulphate reduction.  This not only shows 
the potential for microorganisms to cause mineralogical changes within rocks, but 
sulphate reduction is a complex metabolic process requiring advanced membrane-
bound transport enzymes, proton motive force generation by ATPase and other charge 
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separation proteins, and the genetic regulation of protein synthesis through DNA and 
RNA (Widdel, 1988), therefore, Shen et al (2001) demonstrated that by 3.47 Ga ago 
terrestrial microbes had already developed many of the critical cellular systems shared 
by modern descendants.   
The movement of elements such as Na, K, P and Zr out of the basalt and Nb, Ce, Co 
and Rb into the basalts does not mimic their exchange during the abiotic experiment.  
Phosphorus would be abundant in the microorganism culture and that surrounding the 
basalt cubes as it is essential to life as a component of nucleic acids and cellular lipid 
membranes.  The importance of Na and K has been discussed previously.  Nb and Zr 
have no important biological uses however Rb can serve as a biochemical and 
physiological analogue to K+.  Ce occurs naturally in a variety of minerals and is toxic 
to many bacteria, but low concentrations of cerium can stimulate growth in 
Escherichia coli (Ruming et al., 2002).  It has been demonstrated that a variety of 
bacteria and fungi can bind soluble cerium (Johnson and Kyker, 1966).  These 
elements may have fluctuated in the basalt due to element exchange between the 
attached and surrounding culture that used the basalt as a growth substrate or perhaps 
the cultured material was present within the rock when it was analysed.  Another view 
may be that the different media that the cubes sat in, water or LB (Appendix 1, Table 
1.1), meant that different elements were available in the experiments and the basalt 
reacted abiotically with each medium in a different way.  The LB media surrounding 
the basalt cubes was unable to be analysed after the experiment.  Another possibility 
is that there were some anaerobic conditions taking place within the test tubes due to 
the tightness of the caps restricting the supply of oxygen to the microorganisms.  This 
would have perhaps influenced the movement of Ce in the experiment. 
Comparing differences between the original samples, controls and inoculated samples 
is a means of determining a microbial rather than an abiotic influence on substrates.  It 
can be seen in Figure 6.25 that for the major elements, there is a general trend for a 
decrease in wt% concentrations from original to 31 weeks aqueous alteration to 
colonisation.  Only P increased at the end of the aqueous experiment but still 
decreased in the colonisation experiment.  This is consistent with major element 
analysis conducted by Blackhurst (2007) on un-colonised and colonised layers of 
Antarctic sandstones which showed a decrease in concentration in the colonised areas 
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compared to the uncolonised.  Powders were taken from the top layers of the cubes 
because these were the areas that the microorganisms had been observed occupying 
and would potentially be the most affected by the microorganisms.  Top layers were 
used from the controls and aqueous basalt cubes for consistency. 
 
 
Figure 6.25 Bar graph showing the change in concentrations between the original basalt, cube 25 (31 
weeks submersion) and BIM2 (basalt with Icelandic culture) for the major elements. 
 
FTIR analyses of the basalt cubes showed that no organics were observed within the 
aqueously altered basalt samples.  This may be due to the effective sterilisation by 
heating of the samples at the start of the experiments or there may have been no 
organic material on/in the basalts to start with, however external contamination is 
always likely.  The organics detected in the IR of the colonisation experiment basalts 
could have possible origins as lipids and proteins from the cultures added to the 
experiment, and since these were not observed within the aqueous alteration 
experiment may have a microbial affinity.  The IR amide bands identified however 
may be the residue of the LB media (see Table 1.1, Appendix 1 for amino acid 
concentrations) that was trapped in the cracks and surface of the cubes.  The main 
organic constituent of Luria Broth is Tryptone, a peptide formed from the linking of 
α-amino acids creating amide bonds providing a source of amino acids for the 
growing microorganisms.  The yellow colour of the LB media in the basalt control 
experiments that had no microorganisms is proposed to be created by microorganisms 
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within the rock that only grew once they were placed in a nutrient rich environment.  
If this were the case then they survived sterilisation but were not identifiable in any 
analytical technique used. 
 
The GCMS identification of a pigment is almost certainly related to the 
microorganisms present in and around the basalt cubes.  The powdered samples of the 
basalt cubes were not taken from the surfaces of the cubes as these were preserved for 
other analyses.  The nutrient media that was used for the inoculation of the Icelandic 
samples contains no pigments, neither does the resin that was used to mount the 
samples.  The identification of pigments below the surface of the samples may 
indicate that the microorganisms were pervasive through the samples, however it is 
more likely that the cultures were attached to all faces of the cubes, not just the top 
surface, and so were therefore included in powdered samples.  The isoprenoid 
squalene is a polyunsaturated aliphatic hydrocarbon that contains six isoprene units 
that provide the backbone for the biosynthesis of cholesterol, bile acids, and steroids.  
This may be responsible for the C-H IR bands seen in the basalts from the 
colonisation experiment. 
 
It should also be noted that the formation of black precipitates or crystals within the 
agar under the colonies growing on the basalts of this study, has been previously 
observed by Sayer et al (1997) within colonies growing on cuprite and rhodochrosite.  
Crystals of this nature were originally observed under colonies growing on agar 
amended with a range of insoluble metal phosphates and oxides and are identified as 
insoluble metal oxalates (Sayer and Gadd, 1997).  The cuprite identified in Figure 
6.17 may have been precipitated by interactions between microorganisms and basalt.  
Cuprite is commonly found as an oxidation product of copper sulphides, often 
associated with Native Copper, Malachite, Azurite, Limonite and Chalcocite, however 
none of these minerals were identified within the basalts of this study so the 
mechanisms for cuprite formation here may be biotically related.  The production of 
organic acids provides both protons and an organic acid anion, the latter capable of 
forming a complex with the metal cation, and, in some cases the subsequent formation 
of an insoluble oxalate.  The black precipitates identified within this study may be 
indirect evidence for microorganisms interacting with the basaltic substrates. 
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The organics may have been those cultured and found in the Icelandic geothermal 
water samples, however through DNA analyses many of the clones created had 
similarities to various strains of Staphylococcus epidermis, a Gram-positive bacteria 
that frequently occurs on the skin of humans and animals and in mucous membranes.  
They are also a small component of soil microbial flora.  This implies that there may 
have been numerous contaminants within this experiment which were introduced in 
the cultivation stage.  There is a possibility that they may have been part of the 
original microbial flora of Krysúvík in Iceland but there is no way to tell.  The 
experiments were conducted at room temperature for the aqueous alteration and at 37 
°C for the colonisation.  Typical temperatures in hydrothermal environments studied 
include 40 - 41 °C for Ngakoro and 35 - 59 °C for mid-temperature thermal springs.  
Microorganisms are found to thrive and survive in these environments and so the 
simulation temperatures of this study were capable of stimulating growth.   
 
No matter what the affinity of the microorganisms, there were organisms in the 
experiments whether they were contaminants or hot spring derived thermophiles or 
even cyanobacteria.  They produced biofilms at the bottom of all the tubes where 
culture was present and they were using the basalt as a growth substrate.  Typically 
these biofilm portions are made up of organic polymers called epipolysaccharides 
(EPS) whose function is more or less to act as a matrix that the microbes live in, and 
can serve as a means of environmental protection. 
 
6.7 Conclusions 
 
Localities on Mars that have undergone conditions such as those described above, and 
that may be suitable for past or present life, need to be detectable by insitu and orbital 
techniques.  This work has shown that microorganisms cultured from natural sources 
can recolonise rock substrates as is demonstrated by biofilm formation around basalt 
cubes and changes in elemental concentrations.  This same exchange of elements may 
be due to the need for nutrients, for use in the biological systems of microorganisms, 
or as waste products.  Current techniques did not identify changes in the porosity or 
fracture density within the basalts influenced by the microorganisms to enable 
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colonisation, however, these changes would be expected, perhaps on nanometre 
scales. 
 
This work has identified that chemical differences in rock composition due to 
interactions with water and with microorganisms can be detected using ICP-AES 
techniques, which would also be detectable using APXS on Mars, however this alone 
is not enough evidence for microbial activity within the rocks.  Organics associated 
with the rock under examination can be detected in mid-IR reflectance spectra, as has 
been described in previous chapters.  The use of mid-IR in this study was the most 
effective and informative technique in the understanding of the organic contents. 
 
The main implication of this study is that microorganisms taken from hydrothermal 
settings can colonise later substrates, such as basalt, outside of the original system.  
This indicates that microorganisms can be reintroduced into substrates and can 
therefore be used to create and test biomarkers using a variety of techniques to assess 
their relevance in astrobiological research.  Due to the short available time for this 
experiment, results relevant over prolonged periods of time were precluded and the 
biomarkers identified are those created under conditions that were not optimal. 
 
The Martian surface is geologically and chemically complex and holds information of 
the past and present climatic conditions on Mars.  Knowledge obtained so far suggests 
that low-temperature aqueous alteration may have been/is a major factor in forming 
the material found at the surface, together with sedimentary and physical mixing 
processes (e.g. Gooding and Keil, 1978; Banin, 1996; Morse and Marion, 1999; Baker 
et al., 2000; McSween and Keil, 2000; Bridges et al., 2001).  Habitable environments 
must provide, at some point, sources of energy to fuel metabolism and self-
replication.  Some bacteria live on nothing but rock and water, extracting energy from 
chemical reactions rather than from sunlight.  Life on Earth, perhaps on Mars and 
even other planetary bodies may have originated in such environments, and if so, the 
subsurface of water-rich planets and satellites might be home to a rich diversity of 
microorganisms. 
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6.8 Future Work 
 
The results obtained from this study are a good starting point for further investigations 
into the mineralogical, chemical and IR effects microorganisms can have on terrestrial 
and Martian substrates.  Continued experimental work is required to better constrain 
the changes in basalt caused by microorganisms that could be expected to be found on 
Mars: 
 
• The abiotic experiment could be run for a longer period, up to 5 years, analysing 
the chemical, mineralogical and textural changes of the basalts. 
 
• Multiple abiotic experiments could be run simultaneously at temperatures 
reflecting those of hot spring environments and those in the subsurface of Mars, 
together with a flow component. 
 
• Basaltic substrates should continue to be used but include powdered forms with 
varying grain sizes to reflect all Martian substrates, and already at different stages 
of aqueous alteration. 
 
• Pre-determined cultures could be used so that microorganism species that are 
suited to hot spring environments can be used to optimise the relevance for Martian 
analogue work.   
 
• More extremophilic microorganisms could be cultured from hot spring 
environments to further assess re-colonisation potentials. 
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Chapter 7 
 
IMPLICATIONS AND 
CONCLUSIONS 
 
7.1 Introduction 
 
An approach to the search for extraterrestrial life needs to be based on an 
understanding and appreciation of terrestrial life as this is the only example of life that 
we know.  Similarities in the geological histories of Mars and the Earth, in particular 
in the presence of liquid water and the sources of energy on the young planetary 
surfaces, suggests the possibility that life may have risen independently on Mars 
and/or have been able to survive if transported to Mars through meteoric material.  
Between 3.8 and 3.5 Ga ago Mars gradually lost its surface volatiles (Jakosky and 
Phillips, 2001) and began to cool, creating conditions that meant if life had arisen, it 
would probably not have had time to evolve beyond the prokaryotic stage (Westall et 
al., 2001).  Studies therefore of analogue microorganisms in their natural 
environments on Earth will increase the possibility of finding them on Mars. 
 
7.2 The Origin of Organic Compounds on Mars 
 
Mars, as well as the early Earth, was probably seeded with organic material from 
outside the planet that survived impact.  Such molecules may have been destroyed, 
altered or displaced into deeper soil layers where they are protected from radiation 
and oxidation.  The continuous, planet-wide meteoritic mass influx on Mars is 
estimated at between 2700 and 59000 t yr-1, equivalent to a meteoritic mass accretion 
rate of between 1.8 × 10-5 and 4 × 10-4 g m-2 yr-1 (Flynn and McKay, 1990). 
 
IDPs and the interstellar medium (ISM) - Modeling by Anders (1989) indicates that 
interplanetary dust, currently accreting onto the Earth at a rate of about 30,000 tons 
per year, provided a significant amount of prebiotic organic matter to the surface of 
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the early Earth, and this may have been an important resource for the development of 
life on Earth.  IDPs have an average carbon content of 10 - 12 % (Schramm et al., 
1989; Thomas et al., 1993) with most of it present in graphitic or amorphous carbon.  
Organic carbon as PAHs has been detected by Clemett et al (1993) and aliphatic 
hydrocarbons by Flynn et al (1998).  Carbonyl (C=O) has been observed bonded in a 
ketone and oxygen and nitrogen (N=O) (Flynn et al., 2002).  More than one hundred 
chemical species have been identified in the interstellar medium (ISM) and all the 
molecules, ions and radicals are relatively simple.  About 75 % of them are organic 
and contain carbon, and high molecular weight compounds like polycyclic aromatic 
hydrocarbons (PAHs) have been detected (Oró, 2000).  Modeling indicates that 
interplanetary dust contributed a higher surface density of non-pyrolized organics to 
the early surface of Mars than to the Earth, suggesting that organic carbon brought to 
Mars by interplanetary dust may have been important in any development of life on 
Mars (Flynn, 1996). 
 
Independent origin - In hypothetical hydrothermal systems on Mars, dissolved 
hydrogen in the hydrothermal fluids is formed by the high temperature reduction of 
H2O as seawater reacts with ocean-covered crustal rocks, providing the reduction 
potential and the thermodynamic impetus for organic synthesis from CO2 as the 
hydrothermal fluids mix with seawater.  It is thermodynamically possible for 100 % 
of the carbon in a mixed hydrothermal and seawater fluid to be reduced to a mixture 
of carboxylic acids, alcohols, and ketones between 250 – 50 °C.  As the temperature 
drops, larger organic molecules are favoured which implies that fluid mixing could 
drive the geochemical equivalent to a metabolic system.  This probably drives a large 
portion of the primary productivity around hydrothermal vents on the seafloor of 
Earth and potentially could have occurred on Mars (Shock and Schulte, 1998). 
 
Comets - Organic molecules have been detected in Comet Halley dust grains (Kissel 
and Krueger, 1987), Shoemaker-Levi 9 Gautier and Hale-Bopp.  In 1997, Mumma 
used high resolution IR spectroscopy to the comet Hyakutake and detected H2O, 
HDO, CO, CH4, C2H2, C2H6, CH3OH, H2CO, OCS, HCN, OH and other chemical 
species.  Once the Earth and Mars had formed and acquired water, the cometary 
precursors for the synthesis of biochemical compounds were brought to the planet 
where appropriate conditions such as liquid water and habitable temperatures allowed 
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the synthesis of biochemical monomers and polymers.  When they were capable of 
self-organisation the appearance of the first self-reproductive living system was 
formed (Oró et al., 1990; Lazcano and Miller, 1994). 
 
Meteorites - 3.8 – 3.9 Ga ago, the Late Heavy Bombardment delivered an excess of 
meteoritic debris to the Earth and Mars.  Carbonaceous chondrites, the most 
elementally primitive meteorites, contain up to 3 wt% organic carbon which is mainly 
bound in an insoluble component.  This insoluble fraction of meteoritic 
macromolecular carbon resembles aromatic terrestrial kerogens (Gardinier et al., 
2000).  The soluble fraction was estimated to contain an upper limit of 30 - 40 % of 
the total carbon (Hayes, 1967).  One third of this is comprised of polycyclic aromatic 
hydrocarbons (PAHs), with carboxylic acids and fullerenes in lower abundances.  All 
other compound classes present that include biologically relevant amino acids and 
nucleobases are present in concentrations of 1 - 100 ppm (ten Kate et al., 2003).  
More than 70 extraterrestrial amino acids and other compounds including carboxylic 
acids, hydroxycarboxylic acids, sulphonic and phosphonic acids, aliphatic, aromatic 
and polar hydrocarbons, fullerenes, heterocycles as well as carbonyl compounds, 
alcohols, amines and amides have been detected in the CM meteorite Murchison as 
well as in other carbonaceous chondrites (reviewed by Sephton, 2005).  The impacts 
of meteorites containing any of the above molecules could have been the starting 
material for life on Mars or provided energy and nutrients to life that already existed.   
 
7.3 A Technique Suitable for the Detection of 
Organics on Mars 
 
It has been shown throughout this PhD research that FTIR spectroscopy techniques 
are highly suited to the identification of mineralogy and organic functional groups in 
terrestrial materials.  It is a widely used technique in biophysics and biochemistry, 
providing structural information of biological molecules such as proteins, nucleic 
acids, carbohydrates, and lipids (Yu and Irudayaraj, 2005).   
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The CH stretch vibration of aliphatic hydrocarbons located near 2940 cm−1 is used to 
trace the distribution of carbonaceous dust particles in space.  Dust particles are a 
common component of dust in the diffuse and dense interstellar medium (Sandford et 
al., 1991, Pendleton et al., 1994, Whittet et al., 1997), circumstellar dust shells 
(Gauger et al 1990), dark interiors of molecular clouds (Neckel and Staude, 1987), 
stellar envelopes (Jura, 1990), nova ejecta (Gehrz et al., 1998), the outflow of red 
giant stars, proto-planetary nebulae (Woolf and Ney, 1969, Chiar et al., 1998) and the 
interstellar medium of other galaxies (Spoon et al., 2003).  The CH absorption feature 
has been detected through more than two dozen sightlines in our galaxy, as well as in 
the rest frame spectra of several nearby galaxies (Butchart et al., 1986, Sandford et 
al., 1991, Mizutani et al., 1994, Pendleton et al., 1994, Imanishi et al., 1997, 2001, 
Pendleton, 1997, Whittet et al., 1997, Adamson et al., 1990, Imanishi 2000, 2002, 
Imanishi and Dudley, 2000, Rawlings et al., 2003). 
 
Flynn, Keller and Miller have employed FTIR spectroscopy to detect the CH2 and 
CH3 functional groups in anhydrous and hydrated interplanetary dust particles (IDPs) 
(Flynn et al., 1998).  The feature near 2950 cm-1 results from CH3 stretching 
vibrations in an aliphatic hydrocarbon, while the pair of features near 2925 and 2854 
cm-1 result from CH2 symmetric and asymmetric stretching vibrations respectively in 
an aliphatic hydrocarbon.  IDPs have been shown by Flynn et al (1998) to exhibit an 
absorption feature in the 1700 to 1720 cm-1 region similar to the position for carbonyl 
bonded in a ketone.  An absorption feature at the same energy is seen in the acid 
insoluble residue from the meteorites Semarkona and Murchison.  An anhydrous IDP 
showed a second absorption at ~1767 cm-1 which was consistent with a second 
carbonyl functional group.  Several absorption features were seen in etched IDPs in 
the 1200 to 2000 cm-1 range where oxygen and nitrogen functional groups absorb.  An 
example near 1575 cm-1 is consistent with the literature position of N=O found in an 
aliphatic hydrocarbon (Flynn et al., 2002).  Absorptions in the 3030 to 3050 cm-1 
region, characteristic of PAHs, were not observed (Flynn et al., 2002). 
 
IR spectroscopy has also been applied to studies of the material in the ISM.  The 
spectra of the materials contain a broad feature at 3300 cm-1 attributed to OH 
stretching vibrations and a feature near 2950 cm-1 attributed to CH stretching 
vibrations.  There is a lack of correlation between the strengths of the two bands 
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which Sandford et al (1991) understood to mean that they did not arise from the same 
molecular carrier.  Resolution spectra of objects OH 01-477 and T629-5, both M-class 
stars, are dominated by a series of narrow bands in the 3100 - 2700 cm-1 region.  
These bands are mostly due to OH in the star photospheres.  The spectra are likely to 
contain CH absorption features due to diffuse ISM dust but these are overlapped by 
the OH features.  The interstellar feature for Galactic centre source IRS 7 has 
subpeaks near 2955, 2925 and 2870 cm-1 (+/- 5 cm-1) which Sandford et al (1991) 
attributes to the CH2 and CH3 groups of aliphatic hydrocarbons and fall within 5 cm-1 
of normal saturated aliphatics.  The hydrocarbon component in the diffuse interstellar 
medium consists of complex hydrocarbons containing aliphatic side chains and 
bridges which are produced in dense molecular clouds and subsequently modified in 
the diffuse medium. 
 
Dust from the ISM will have arrived and been accreted within Mars, providing at the 
least, OH molecules and hydrocarbons.  This would have provided three of the six 
essential elements needed for biological reactions, which can combine to form more 
complex molecules in a ‘primordial soup’ (Oparin-Haldane Theory, 1920s).  Energy 
to drive forward the reactions such as lightening or hot water from springs could have 
been used.  In the classic experiment by Stanley Miller and Harold Urey in 1953, 
recreation of the primordial soup in the laboratory made amino acids by passing 
electricity through the mixture of simple molecules.  As long as liquid water was 
available at some point on early Mars, then this situation or variants of it may have 
happened with the simple elements and molecules supplied by dust. 
 
7.4 Preservation and Interpretation of Biological 
Evidence  
 
Organic matter usually decays upon the death of the organism.  Most decay is due to 
autolytic enzymes produced within the organisms themselves as well the degrading 
action of heterotrophic bacteria and/or browsing by higher organisms (Westall, 1999).  
Palaeontological studies of the fate of microbial mat communities show that they are 
rarely preserved (Gerdes and Krumbein, 1987).  Macromolecules however are not all 
readily degradable, and those contained in vegetative cells or spores, or the 
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mucopolysaccharide sheaths of cyanobacteria, or other types of bacteria are singularly 
resistant to autolysis (Westall, 1999).  The chelation of Fe ions to cell walls also 
inhibits degradation (Ferris et al., 1988) and since Fe is common in sedimentary and 
most volcanic rocks on Earth, and has been detected within vast amounts of hematite 
on Mars (Christensen et al., 2001), this increases preservation potentials on the planet.  
The preservation of bacterial fossils therefore requires the early inhibition of 
degradation via rapid burial in fine grained sediment, or through rapid preservation by 
permineralisation or mineral replacement.  On Earth rapid burial is most readily 
facilitated by fluvial processes and flooding, processes that are entirely likely on 
Mars, at least prior to the current epoch, as testified by the presence of abundant 
outwash channels (Carr, 1979; Baker, 2001). 
 
The microorganisms thriving in the hot springs studied in Chapter 3 would have been 
preserved by early permineralisation as the silica in solution, silicic acid, would 
nucleate onto certain active groups such as CO, OH, or PO3 in their organic templates.  
The silica gradually hydrolyses, polymerises and traps the organic material in a 
mineral matrix (Leo and Barghoorn, 1976).  Permineralisation is favoured when 
organic material is partially degraded as this process releases more active groups for 
chelation (Westall, 1999).  Simulations of permineralisation within bacteria, algae and 
wood have been conducted by Oehler and Schopf (1971), Oehler (1976), Leo and 
Barghoorn (1976).  The polysaccharide-rich sheath of cyanobacterium were found to 
trap more silica than the cells themselves (Oehler and Schopf, 1971) and during 
degradation of the organic molecules and silicification, new organic compounds, 
geopolymers, were formed (Schidlowski, 1982).  Leo and Barghoorn (1976) 
hypothesised that permineralisation occurred through nucleation of silica onto OH 
groups of polysaccharides followed by polymerisation of the silica.  Another method 
would be that the organic structure of bacteria may be completely replaced by 
minerals such as silica (e.g. Monty, 1991; Cady and Farmer, 1996) with the degree of 
replacement of organic matter reliant on the volume of organic matter in the original 
organism.  As fossils the organisms consist of an empty crust, an internal cast, an 
encrusted cast or an empty mould in a fine grained silica matrix.  For example, when a 
bacterium is enclosed by an amorphous mineral that solidifies around it, the organic 
matter itself can decay creating a void which can be later infilled (Westall, 1999).  
These methods of preservation have been observed in hot spring deposits around the 
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world, especially those that produce silica sinters.  There is no reason why 
microorganisms, if present on Mars and located near hot spring outflows, should not 
be preserved in similar ways and be able to be identified. 
 
Criteria for the interpretation of fossil bacteria have been described by Schopf and 
Walter (1983) and Buick (1990) and include criteria for establishing whether the 
potential fossils are original, are contaminants, or are inorganic structures.  The 
questions that need to be answered include: are the potential fossils indigenous to the 
host sediment?  Are they of biogenic origin?  Do they occur in an environment which 
is consistent with the presence of bacteria?  The biogenicity of fossils is the most 
contentious criterion.  Size, shape, cellular complexity and organisation and colonial 
distribution are all criteria that need to be satisfied for an identification to be made on 
a morphological basis however bacteriomorphs are morphologically similar to 
bacteria and can even have organic signatures but are not related to actual bacteria.  
Some of the oldest evidence of life on Earth, ~ 3.7 Ga old found in the Isua 
metasediments, has not been determined by microfossil analyses alone, but also by 
carbon isotopes (Pflug and Jaeshke-Boyer, 1979; Schidlowski, 1988; Robbins and 
Iberall, 1991; Mojzsis et al., 1996; Rosing, 1999).  These isotopic interpretations, as 
with morphological analyses, have also been called into question due to the ability of 
metamorphic processes to fractionate carbon, imitating a biological signal (van Zulien 
et al., 2000) and that recent endolithic bacteria can also be fossilised within the rocks 
(Westall and Walsh, 2001).  It is clear that the identification of microorganisms in 
deposits on Earth, and therefore Mars, based on morphological and isotopic fossil 
evidence may always be contentious.    
 
Results obtained through this PhD research have shown that the biomolecular 
signatures of past or present life within hot spring deposits of New Zealand and 
Iceland (Chapter 3), the Rhynie Chert (Chapter 4) and impact structures (Chapter 5) 
can be more informative than the sometimes sparse morphological evidence.  In the 
hot springs of recent age studied, the minor morphological evidence that included 
silicified fungal spores and casts of cell walls belonging to filamentous bacteria, could 
not at present be found on Mars as thin sectioning and optical and SEM techniques 
were required for their identification.  The use of FTIR on the samples however 
identified reflectance bands indicative of fatty acids, proteins, water and 
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carbohydrates which combined with GCMS analyses confirmed a bacterial origin.  
These biomolecules, if found in siliceous hot spring deposits, could provide valuable 
information about the microorganisms they originated from and the microbial 
ecosystems that were/are present on Mars.  The Rhynie Chert samples (Chapter 4) 
were filled with 396 Ma old (Rice et al., 1995) fossilised evidence of life that showed 
exceptional plant cell preservation and symbiotic relationships between different plant 
species and various types of microorganism, due to permineralisation by thermal 
fluids.  This was mainly visible in hand specimen and would be visible on Martian 
outcrops after the weathered surface layer is removed or a core is drilled.  Analyses so 
far produced in the literature have mainly been concerned with the palaeontology of 
the samples and the processes that allowed this ecosystem to be preserved.  This PhD 
research has gone further and applied spectral techniques to the samples that indicated 
that biomolecules on fresh and powdered surfaces on Mars could be identified if the 
fossils themselves were not immediately prevalent.  FTIR identified fatty acids, 
amides of proteins, water and carboxyl group molecules.  Combined with GCMS 
analyses that identified a predominantly algal signal within a mature sample, these 
analytical techniques indicate that the algal biomarkers found are original and not 
contamination, and have been preserved for a geologically significant period of time.   
 
Cherts are the best commonly occurring rock type for the preservation of 
unmineralised microorganisms so silica-rich deposits should be sites for exobiological 
exploration on Mars.  A high proportion of the siliceous hot spring deposits preserve 
morphological and biomolecular evidence of life increasing the potential for 
discovery.  Fossil preservation in silica is vastly superior to preservation in any other 
commonly occurring media and can provide an informative record of the early history 
of bacteria, cyanobacteria, and algae (e.g. Schopf, 1970; Knoll, 1985). 
 
The hydrothermal system associated with the Chicxulub impact crater (Chapter 5) is 
identified by its mineral assemblages and position in the impact sequence.  The 
organic material previously identified within the core Yax-1 is composed of 
hydrocarbons relating to biodegraded and fresh oil (Watson, personal communication) 
and fossils that are located within impact-reworked clasts (Stinnesbeck et al., 2004) 
but neither of these have been identified within the impactite unit this PhD research 
studied.  The hydrothermally altered matrix and vein material was shown to contain 
Chapter 7: Implications and Conclusions 
236 
strong IR bands relating to fatty acids, proteins and carbohydrates which may have 
been related to organisms that were present during the time of the hydrothermal 
system or to oil that has been found at greater depths.  The origin and type of the 
organics is however a secondary issue, as the identification of their existence is of 
most concern to Mars at this time.  Again, FTIR proved to be the most effective 
technique in identifying the biomolecules amid the mineralogy of the rocks they were 
contained in and would be capable of accurately identifying the deposits of 
hydrothermal systems, and their biomolecules, on Mars. 
 
The fate of microorganisms and molecules essential for life and their current survival 
potential on and near the surface of Mars is largely due to the effects of UV radiation.  
The present-day Martian surface receives more radiation than Earth in the wavelength 
region 200–300 nm. The Martian atmosphere is 95% CO2 with a mean surface 
pressure of about 7 mbar therefore no solar UV radiation below 190 nm reaches the 
surface (Kuhn and Atreya, 1979), however, around 2.5 and 3.5 Ga ago, the solar 
Extreme Ultraviolet flux was approximately two times and six times higher, 
respectively (Zahnle and Walker, 1982).  After 3.5 Ga, additional processes such as 
heavy asteroid bombardment and a much more active early Sun (Leblanc and 
Johnson, 2001) make studies more uncertain.  Nucleic acids are prominent targets for 
UV photons but can be protected due to attenuation of the radiation e.g. via proteins, 
water and minerals (Rontó et al., 2003).  A covering of dust only a millimetre thick 
would be sufficient to reduce UV radiation to comparable or even lower values than 
those on the exposed surface of present-day Earth (Rontó et al., 2003).  
Cryptoendoliths protected 1 - 2 mm within sandstones will receive only 0.1 W m2 of 
irradiance (Nienow et al., 1988) and molecules within more opaque rocks, such as 
basalts, will gain complete protection from UV radiation at a couple of millimetres 
depth as well as if they are blown into openings within rocks (Rontó et al., 2003).  
Substrates such as silica sinters could act as potential physical substrates that would 
adequately provide protection to biomolecules against the extreme environmental 
regime on the early and present day Mars.  Ultraviolet radiation will rapidly destroy 
biomolecules or organisms exposed on the surface but biomolecules buried in the 
shallow subsurface of Martian geothermal deposits have a high probability of long-
term survival and therefore detection. 
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7.5 The Detection of Hydrothermal Systems on Mars 
 
The field areas used in this research were selected based on the current understanding 
of what types of hydrothermal system would have existed on Mars and may be 
created today.  Hot spring systems in Iceland were chosen due to the basaltic nature of 
the rocks they encounter as analogues to Martian rocks, their formation by oceanic 
spreading centres and associated fractures and the extensive alteration they have 
undergone over time at the surface.  The New Zealand springs that were chosen were 
used due to their association with caldera formation and deep seated magmatic 
processes, their relatively young ages and the fact the geothermal water circulated 
through silica-rich rhyolite rocks instead of basalt, for comparison.  The Rhynie Chert 
spring occurred within a different formation environment and was of a much older age 
with documented preserved hot spring fauna.  Finally, Chicxulub and its hydrothermal 
system were chosen for study as impacts are the most likely process to create a 
hydrothermal system on Mars and one that could theoretically occur on Mars today. 
 
As on Earth, any hydrothermal systems on Mars must have been linked to magmatic 
systems and the interaction between melts and ice or liquid water.  The existence of 
volcanoes, sedimentary successions and rift valleys indicates that Mars was active 
over the course of its history.  Its inactivity at present is due to its smaller size causing 
it to cool down more rapidly than the Earth; hence mantle convection may no longer 
be occurring (Harder and Christensen, 1996; Schubert et al., 2000; Zuber, 2001).  
Evidence that Mars was once active and that a heat source was available for 
hydrothermal circulation of fluids is found in a number of Martian surface features.  
The 4000 km-wide Tharsis Rise is a major feature on Mars, comprising 25% of the 
planet’s surface and rises to a height of 10 km.  It is located with a large gravity 
anomaly and makes up an igneous province ~ 6.5 * 106 km2 (Head and Coffin, 1997).  
On the northwest flank of this province are the Tharsis volcanoes associated with 
giant radiating dyke swarms and the shield volcano Olympus Mons with its summit 
caldera.  Another major dome complex is Elysium Planitia at 1700 by 2400 km and 
has three major volcanoes.  The Tharsis Rise with its associated volcanoes and rift 
system (Valles Marineris) are viewed as the surface expression of a mantle plume on 
a stationary one-plate lithosphere (Mège and Masson, 1996) in contrast to terrestrial 
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hotspots which move away from the source plume due to lateral movement of the 
tectonic plates.  These details prove that Mars was once active and that a heat source 
was available for the hydrothermal circulation of fluids. 
 
The geological record from Meridiani Planum suggests that the sedimentary rocks 
there have a complex diagenetic history, formed by episodic inundation of surface 
water followed by evaporation and dessication (Squyres et al., 2004b).  Klingelhöfer 
et al (2004) identified jarosite, an OH-bearing Fe-sulphate - KFe3 (SO4)2 (OH)6, as 
evidence for water on Mars and of aqueous acid sulphate activity under oxidising 
conditions.  On Earth, jarosite forms in high-sulphidation epithermal geothermal 
systems.  The Athabasca Valley and Cerberus Fossae (in Elysium Mons) are erosional 
streamlined geomorphic features that Burr et al (2002) suggested were formed by 
floodwaters originating from deep frozen aquifers that were melted and mobilised by 
tectonics or magmatic heat.  Gullies found on Martian hillsides by Malin and Edgett 
(2000) appear to be formed by water seeps from underground aquifers.  Geologically 
recent melting of permafrost ice by sporadic, localised geothermal activity may be the 
cause. 
 
Internal heat energy such as radioactivity and residual heat is advected by upwelling 
magmas on Earth and could have had an important role in hydrothermal convection 
on Mars (Pirajno and van Kranendonk, 2005).  At present, Martian water is proposed 
to be in the form of ground ice and permafrost as liquid forms would be unstable at 
the surface (Carr, 1996).  Potential hydrothermal systems on Mars could form in and 
around volcanoes, caldera floors, fractures and rift valleys, and below the ice caps and 
in permafrost regions.  A potential candidate location for this is the Tharsis region 
where convective cells would occur around and within the volcanic edifices, along the 
dyke and fracture systems and within Valles Marineris.   
 
A final locality suitable for geothermal system formation on Mars is around impact 
craters.  Impact structures on Mars exhibit patterns of lobate ejecta probably formed 
by impact kinetic energy creating fluidisation of impact ejecta via mixing with 
groundwater or water-ice (Carr, 1981).  If water is the main contributing factor then 
hydrothermal circulation might be initiated by the thermal effects that are intrinsic to 
the conversion of kinetic to thermal energy (Kring, 2003).  Abramov and Kring 
Chapter 7: Implications and Conclusions 
239 
(2005) modelled the potential lifetime of these systems and in turn their potential to 
sustain microbial life.  System lifetimes ranged from 67 000 to 380 000 years for 30 to 
180 km wide impact craters.  A basin the size of the Hellas basin on Mars has the 
potential to sustain a hydrothermal system for up to 10 million years (Abramov and 
Kring, 2005).  This provides ample time for colonisation of impact-induced 
hydrothermal systems by potential Martian organisms. 
 
Deposits created by discharges of thermal fluids on Earth studied in this research are 
predominantly composed of silica polymorph matrices with crystal and lithic clasts.  
Silica sinters at different stages of maturation are composed initially of opal-A and 
over time change to paracystalline opal-CT ± opal-C ± moganite and finally to 
microcrystalline quartz (Herdianita et al., 2000a).  This does not necessarily occur 
throughout the entire deposit as mineralogical changes can be observed both within 
and between individual outcrops (Rodgers et al., 2004) due to thermal and 
hydrological variations.  To accurately identify silica deposits on Mars and those 
specifically associated with hydrothermal systems which may contain evidence of 
microbial life, this research has identified FTIR spectroscopy as the most informative 
analytical technique.  It has been able to produce spectra of the SiO2 minerals with 
enough variation in peak height and width to be able to differentiate between the 
different polymorphs (Chapter 3).  Not only was the mineralogy able to be 
determined, but it didn’t obscure the organic reflectance bands created by the 
microorganisms within the samples which were able to be observed together within a 
single spectrum.  The microcrystalline quartz in the Rhynie Chert deposit (Chapter 4) 
was also able to be identified in every spectrum taken. 
 
The hydrothermal system associated with the Chicxulub impact crater produced a late 
stage mineralogical overprint which was analysed in Chapter 5.  Smectite replaced 
primary glass, secondary chlorite and other mafic minerals as well as calcite veins and 
open space fillings (Zürcher and Kring, 2004).  Analyses of the alteration minerals 
and any organics contained within, were carried out using FTIR and were able to 
identify not only smectite, but the different members of the smectite group.  Clay 
minerals are common weathering materials and low temperature alteration products 
which provide valuable information about the conditions they were formed under and 
could be used as a locator mineral for hydrothermal deposits on Mars.  FTIR was also 
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used to mineralogically identify components within basalt, basaltic alteration products 
and powders, and the organics within them (Chapter 6), as these materials are the 
most common on Mars and would have been the dominant materials affected by any 
Martian hydrothermal systems.    
 
The detection of silica deposits on Mars has been described by Squyres et al (2008).  
They reported the discovery of opaline silica (> 90 wt% SiO2) in association with 
volcanic materials in the Columbia Hills of Gusev Crater and have interpreted them to 
have formed under hydrothermal conditions (for more details see Chapter 3, Section 
3.6).  The data they presented was collected using the APXS instrument (Rieder et al., 
2003) onboard the Spirit rover and has been plotted on a SiO2 / TiO2 wt% graph 
(Figure 7.1) in blue.  For comparison, a selection of the silica sinter SiO2 and TiO2 
ICP-AES compositions from this research have been plotted in pink together with 
other published silica sinter data in orange.  The Martian results are lower in SiO2 
than the terrestrial samples but with comparative TiO2 values.  The fields created 
around points of the same rock types indicate only a minor overlap.  The green points 
and field represent the basalt samples used in this research which are shown to be 
much more TiO2 rich than the Mars data, except for one point that falls half in the 
basalt field and half the Mars data field.  This basalt was a sample from Iceland that 
was found within a silica sinter field having experienced extreme alteration from the 
geothermal environment.  The small yellow field within the basalt is a sample value 
from a palagonitised-silicified basalt breccia found in the stockwork beneath the TAG 
hydrothermal mound (Humphris et al., 1998).  This indicates that the lower SiO2 and 
TiO2 Mars data may be palagonitised and/or silicified basalts, however all the basalt 
samples have higher TiO2 wt% and the majority contain more silica.  The Mars data 
sits comfortably between the pure basalt and silica sinter data and may be interpreted 
as silicified basalt or basalt that has a significant silica component through powder 
mixing or layers of silica within the basalt due to geothermal outflow episodes.  Chert 
values are also plotted for comparison. 
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Figure 7.1 SiO2 vs TiO2 plot for selected published data and data collected throughout this study.  The 
data presented is compiled from APXS Mars data taken from Gellert et al (2006); terrestrial silica 
sinter (pink squares) and basalt (green squares) data from this study; additional silica sinter data from 
Fridleifsson and Ármannsson (1999); chert data from Dabard (2001); and palagonitised-silicified basalt 
data from Humphris et al (1998). 
 
7.5 Conclusions 
 
The results of this PhD research have proved informative and have produced the 
following conclusions: 
 
1. Combined mineralogical, textural and FTIR studies of terrestrial silica sinters 
produced by hydrothermal systems provide an effective means of investigating 
their origins and diagenetic evolution. 
 
2. FTIR is capable of identifying the SiO2 polymorphs and fatty acids, amides of 
proteins, carboxyl group and H2O molecules within silica sinters as solid samples 
or in powdered form. 
 
3. Mineralogical and biomolecular information can be obtained from 396 Ma old hot 
spring deposits via FTIR.  This fossilised silica sinter has been less prone to 
removal and reworking as it is composed of chert and was quickly buried. 
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4. Impact-induced hydrothermal deposits that contain organic materials can be 
analysed via combined FTIR and GCMS techniques.  These identify the 
functional groups present and their potential sources respectively i.e. oil, clastic 
fossils or initial microorganisms thriving in the hydrothermal environment. 
 
5. The organic reflectance bands are stronger in the Chicxulub impact-induced 
hydrothermal system than in the hot spring deposits, probably due to higher 
concentrations of biomolecules per volume of material. 
   
6. Colonisation of basalts causes chemical changes that cannot be definitively 
attributed to microorganisms.  The increase of Na, K, P and Ce within the basalts 
may indicate the presence and action of microorganisms using the rock as a 
growth substrate. 
 
7. Aqueous alteration of basalt causes a chemical change in the rock and surrounding 
water due to the dissolution of feldspars, FeTi-oxides and apatite, and the 
formation of minor carbonate. 
 
8. After one month, chemical alteration via colonisation of microorganisms is greater 
than that observed by aqueous alteration.  A distinction between the two is 
obvious when shown on a TAS plot. 
 
9. Silica sinters and chert are more suitable for colonisation and preservation, whilst 
basalt is also suitable for colonisation but requires a secondary process, such as 
silicification, to preserve microorganisms and their biomolecules. 
 
10. The silica-rich deposits identified on Mars are possibly hydrothermally silicified 
basalts. 
 
11. If the silica deposits on Mars are related to hydrothermal systems, then these areas 
are prime targets for astrobiological investigations, due to the preservation 
potential of the deposits, the ability of silica sinters and basalt to protect 
microorganisms and/or biomolecules in the subsurface and due to the nutrients 
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that geothermal waters and basaltic rocks could provide to sustain 
microorganisms. 
 
The conclusions from this research have the following implications for astrobiology 
and the search for life on other planets: 
 
1. Hydrocarbons have been identified throughout the solar system, commonly via 
Infra-red techniques.  FTIR is therefore a technique highly suited to searching for 
life on Mars. 
 
2. The typical biomarkers observed in this study through FTIR are the CH2/CH3 
aliphatic triplet, amide and carboxyl group bands. 
 
3. These biomarkers are seen in FTIR regardless of the type of organic material 
under investigation i.e. oil, plant and microbial sources produce the same 
biomarkers. 
 
4. There is no observable correlation between the types of organic reflectance bands 
identified and the types of hydrothermal systems they are associated with. 
 
5. To study biomolecules in hydrothermal deposits on Earth and Mars, FTIR is the 
best all-round technique allowing identification of mineralogy and organic content 
at micrometer scales. 
 
6. Chemical biomarkers are more reliable than morphological remains as: 
o Volumetrically, fewer amounts are needed for identification, 
o They can tell us about different aspects of the microorganism in terms 
of anatomy, its local environment and the conditions on the planet,  
o The techniques needed to identify them are wider ranging and can be 
done from orbit. 
 
7. Chemical biomarkers are however less reliable than morphological remains as: 
o Contamination is easy and sometimes hard to differentiate from 
original signatures,  
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o They are extremely small so need to occur in greater abundance to be 
detectable from orbit,  
o They can have an inorganic origin, 
o Nothing is as convincing as ‘seeing’ the microfossils. 
 
8. Ultimately, the abundance of hydrothermal deposits on Earth both modern and 
ancient relates to their survival of our planet’s pervasive tectonic reworking, 
exhumation to the surface, and surface weathering. On Mars, which has a simpler 
tectonic environment, much lower surface erosion rates and global redistribution 
of eroded particulates through aeolian processes, the evidence of silica sinters may 
be more easily found. 
 
Analytical studies of the surface, and eventually subsurface, of Mars through FTIR 
techniques could lead to the detection of life on the planet.  If the CH aliphatic triplet 
is detected, this will be the first identification of organic molecules on the planets’ 
surface.  Whether this will be a response to surface layers of dust from comets, 
meteorites or IDPs, primitive or complex microorganisms or even oil reservoirs will 
require further analyses.  The results of this PhD have shown that minerals, especially 
silicates, have strong absorptions over most of the spectral range which can interfere 
with the detection of organic features over much of the infrared spectrum.  Many 
important organic functional groups have absorptions in regions of the infrared 
spectrum that are masked by absorption features from the major minerals (Flynn et 
al., 2002).  However in the region from 2700 to 3100 cm-1, where the CH stretching 
vibrations occur, the major minerals exhibit only a broad water feature so the sharper 
CH stretching vibrations can be easily identified.  This research has shown the 
potential of FTIR to identify organics in different terrestrial rock types from different 
environments and its capacity to study Martian surface compositions and potential 
organic contents in situ and from orbit.  The search for evidence of life on Mars 
should focus on this important ‘functional group’ region of the IR spectrum when 
studying deposits that are theoretically likely to contain a microbial component. 
 
Life on Mars may as yet be simply hypothetical, however, perhaps the most profound 
implication of this study is that given the range of techniques at our disposal, the 
knowledge of key biomarkers assembled, and the renewed efforts to explore the red 
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planet, it will not remain hypothetical for much longer.  It is sincerely hoped that the 
results of this research will help contribute to this most profound discovery, the 
presence of life on another planet. 
 
References 
246 
REFERENCES 
 
Abramov, O., and Kring, D.A. 2005. Impact-induced hydrothermal activity on early 
Mars. Journal of  Geophysical Research. 110. E12s09, 19. 
 
Abramov, O., and Kring, D.A. 2007. Numerical modelling of impact-induced 
hydrothermal activity at the Chicxulub crater. Meteoritics and Planetary Science. 42. 
93-112. 
 
Adamson, A.J., Whittet, D.C.B., and Duleg, W.W. 1990. The 3.4-micron interstellar 
absorption feature in CYG OB2 no. 12.. Monthly Notices of the Royal Astronomical 
Society. 243. 400-404. 
 
Allen, C.C. 1979. Volcano-ice interactions on Mars. Journal of Geophysical 
Research. 84. 8048-8059. 
 
Allen, C.C., Gooding, J.L., and Keil, K. 1982. Hydrothermally altered impact melt 
rock and breccia: Contributions to the soil of Mars. Journal of Geophysical Research. 
87. 10,083-10,101. 
 
Allen, E.T. 1934. The agency of algae in the deposition of travertine and silica from 
thermal waters. American Journal of Science. 27. 373-389. 
 
Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., 
Lipman, D.J. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein 
database search programs. Nucleic Acids Research. 25. 3389-3402. 
 
Alvarez, L.W., Alvarez, W., Asaro, F., and Michel, H.V. 1980. Extraterrestrial cause 
for the Cretaceous-Tertiary extinction. Science. 208. 1095-1108. 
 
Ames, D.E., Dressler, B., Pope, K., and Pilkington, M. 2003. Chicxulub impact 
structure hydrothermal activity. Geophysical Research Abstract. 5. 07331. 
 
Ames, D.E., Kjarsgaard, I.M., Pope, K.O., Dressler, B., and Pilkington, M. 2004. 
Secondary alteration of the impactite and mineralisation in the basal Tertiary 
sequence, Yaxcopoil-1, Chicxulub impact crater, Mexico. Meteoritics and Planetary 
Science. 39. 1145-1167. 
 
Anders, E. 1989. Pre-biotic organic matter from comets and asteroids. Nature. 342. 
255-257. 
 
Anderson, M.S., Andringa, J.M., Carlson, R.W., Conrad, P., Hartford, W., Shafer, M., 
Soto, A., Tsapin, A.I., Dybwad, J.P., Wadsworth, W., and Hand, K. 2005. Fourier 
transform infrared spectroscopy for Mars science. Review of Scientific Instruments. 
76. 034101. 
 
Andrews, A.J. 1980. Saponite and celadonite in layer 2 basalts, DSDP Leg 37. 
Contributions to Mineralogy and Petrology. 73. 323–340. 
 
References 
247 
Arvidson, R.E., Gooding, J.L., and Moore, H.J. 1989. The Martian surface as imaged, 
sampled, and analyzed by the Viking Landers. Reviews of Geophysics. 27. 39-60. 
 
Arvidson, R.E., 62 colleagues. 2006. Overview of the Spirit Mars Exploration Rover 
Mission to Gusev Crater: Landing site to Backstay Rock in the Columbia Hills. 
Journal of Geophysical Research. 111. E02S01. 
 
Awramik, S. M., Schopf, J. W. and Walter, M. R.  1983. Filamentous fossil bacteria 
from the Archean of westem Australia. Precambrian Research. 20. 357-374. 
 
Bain, J.G., and Kissin, S.A. 1988. A preliminary study of fluid inclusions in shock-
metamorphosed sediments at the Haughton impact structure, Devon Island, Canada. 
In Papers presented at the 51st annual meeting of the Meteoritical Society. Houston: 
Lunar and Planetary Institute. D-7. 
 
Baker, L.L., Agenbroad, D.J., and Wood, S.A. 2000. Experimental hydrothermal 
alteration of a Martian analog basalt: implications for Martian meteorites. Meteoritics 
and Planetary Science. 35. 31–38. 
 
Baker, V.R. 1982. The Channels of Mars. Austin. University of Texas Press. 198. 
 
Baker, V.R. 2001. Water and the Martian landscape. Nature. 412. 228-236. 
 
Baker, V.R., Carr, M.H., Gulick, V.C., Williams, C.R., and Marley, M.S. 1992. 
Channels and valley networks. In Mars. Eds: Kieffer, H.H., Jakosky, B.M., Snyder, 
C.W., and Matthews, M.S. Tucson. University of Arizona Press. 
 
Balogh, M., and Laszlo, P. 1993. Organic Chemistry Using Clays. Springer-Verlag, 
Berlin. 
 
Bandfield, D., Conrath, B.J., Pearl, J.C., Smith, M.D., and Christensen, P.R. 2000. 
Thermal tides and stationary waves on Mars as revealed by Mars Global Surveyor 
Thermal Emission Spectrometer. Journal of Geophysical Research. 105. 9521-9538. 
 
Bandfield, J.L., Christensen, P.R., and Smith, M.D. 2000. Spectral data set factor 
analysis and end-member recovery: Application to analysis of Martian atmospheric 
particulates. Journal of Geophysical Research. 105. 9573-9588. 
 
Bandfield, J.L., Hamilton, V.E., and Christensen, P.R. 2000a. A global view of 
Martian surface composition from MGS-TES. Science. 287. 1626-1630. 
 
Bandfield, J.L., Glotch, T.D., and Christensen, P.R. 2003. Spectroscopic Identification 
of Carbonate Minerals in the Martian Dust. Science. 301. 1084-1087. 
 
Banerjee, N.R., Furnes, H., Muehlenbachs, K., Staudigel, H., and de Wit, M. 2006. 
Preservation of ~3.4-3.5 Ga microbial biomarkers in pillow lavas and hyaloclastites 
from the Barberton Greenstone Belt, South Africa. Earth and Planetary Science 
Letters. 241. 707-722. 
 
References 
248 
Banerjee, N.R., Muehlenbachs, K. 2003. Tuff life: Bioalteration in volcaniclastic 
rocks from the Ontong Java Plateau. Geochemistry Geophysics Geosystems. 4. 1525-
2027. 
 
Banin, A. 1996. The missing crystalline minerals in Mars soils. Advances in Space 
Research. 18. 12233–12240. 
 
Bannister, S., Bryan, C.J., and Bibby, H.M. 2004. Shear wave velocity variation 
across the Taupo Volcanic Zone, New Zealand, from receiver function inversion. 
Geophysical Journal International. 159. 291-310. 
 
Baross, J.A., and Hoffman, S.E. 1985. Submarine hydrothermal vents and associated 
gradient environments as sites for the origin and evolution of life.  Origins of Life. 15 
327-345. 
 
Barth, T.F.W. 1950. Volcanic geology, hot springs and geysers of Iceland. Carnegie 
Institution of Washington, Publications. 587. 174. 
 
Bartly, J.K. 1996. Actualistic taphonomy of cyanobacteria: implications for the 
Precambrian fossil record. Palaios. 11. 571-586. 
 
Becker, R.H., and Pepin, R.O. 1984. The case for a Martian origin of the Shergottites 
- nitrogen and noble-gases in EETA-79001. Earth and Planetary Science Letters. 69. 
225-242. 
 
Becker, R.H., and Pepin, R.O. 1984. Solar composition noble-gases in the 
Washington County iron meteorite. Earth and Planetary Science Letters. 70. 1-10. 
 
Belimov, A.A., Kunakova, A.M., Vasilyeva, N.D., Kovatcheva, T.S., Dritchko, V.F., 
Kuzovatov, S.N., Trushkina, I.R., and Alekseyev, Y.V. 1998. Accumulation of 
radionuclides by associative bacteria and the uptake of 134Cs by the inoculated barley 
plants. Developments in Plant and Soil Sciences. 79. 275-280. 
 
Bellerophon. No date. [Online]. http://foo.maths.uq.edu.au/%7Ehuber/bellerophon.pl. 
[Accessed: April 2007]. 
 
Bernal, D. 1949. The physical basis of life. Proceedings of the Physical Society. 62. 
537–558. 
 
Bhutta, A.A. 1973b. On the spores (including germinating spores) of Rhynia major 
Kidston & Lang. Biologia. 19. 47-55.  
 
Bibby, H.M., Caldwell, T.G., Davey, F.J., and Webb, T.H. 1995. Geophysical 
evidence on the structure of the Taupo Volcanic Zone and its hydrothermal 
circulation. Journal of Volcanology and Geothermal Research. 68. 29-58. 
 
Bibring, J.P. 2005. Comparative planetology, Mars and exobiology. In Lectures in 
Astrobiology. Eds: Gargaud, M., Martin, H., and Reisse, J. 1. 353-383 
 
References 
249 
Bibring, J.P., 11 colleagues. 2005. Mars Surface Diversity as Revealed by the 
OMEGA/Mars Express Observations. Science. 307. 1576-1581. 
 
Bibring, J.P., Langevin, Y., Mustard, J. F., Poulet, F., Arvidson, R., Gendrin, A., 
Gondet, B., Mangold, N., Pinet, P., and Forget, F. 2006. Global mineralogical and 
aqueous mars history derived from OMEGA/Mars express data. Science. 312. 400-
404. 
 
BioEdit. v 5.0.9. [Online]. Available from: http://www.mbio.ncsu.edu/BioEdit/ 
bioedit.html. [Accessed 15 April 2007]. 
 
Bischoff, J.L., and Pitzer, K.S. 1985. Phase relations and adiabats in boiling seafloor 
geothermal systems. Earth and Planetary Science Letters. 75. 327–338. 
 
Bischoff, J.L., and Rosenbauer, R.J. 1984. The critical point and two-phase boundary 
of seawater, 200–500 °C. Earth and Planetary Science Letters. 68. 172–180. 
 
Blackhurst, R.L. 2007. Evaluating Cryptoendolithic Microorganisms as Potential 
Analogues of Martian Life-Forms. PhD Thesis. 
 
Bloom, M.V., Freyer, G.A., and Micklos, D.A. 1996. Laboratory DNA science. 
California. Benjamin/Cummings Publishing Co. 
 
Blumer, M., Guillard, R.R., and Chase, T. 1971. Hydrocarbons of marine 
phytoplankton. Marine Biology. 8. 183 
 
Bock, G.R. and Goode, J.A. 1996. Evolution of hydrothermal ecosystems on Earth 
(and Mars?). Eds: Bock, G. R. and Goode, J. A. Ciba Foundation Symposium 202. 
Wiley, Chichester. 273. 
 
Bodvarsson, G. 1960. Hot springs and the exploitation of natural heat resources. In On 
the Geology and Geophysics of Iceland. International Geological Congress. Norden. 
46-54. 
  
Bodvarsson, G. 1961. Physical characteristics of natural heat resources in Iceland. 
Jökull. 11. 29-38. 
 
Bogard, D.D., and Johnson, P. 1983. Martian gases in an Antarctic meteorite. Science. 
221. 651-654. 
 
Bolze, C.E., Malone, P.G., and Smith, M.J. 1974. Microbial mobilization of barite. 
Chemical Geology. 13. 141–143. 
 
Borg, L.E., Nyquist, L.E., Taylor, L.A., Wiesmann, H., and Shih, C.-Y. 1997. 
Constraints on Martian differentiation processes from Rb-Sr and Sm-Nd isotopic 
analyses of the basaltic shergottite QUE 94201. Geochimica et Cosmochimica Acta. 
61. 4915-4931. 
 
References 
250 
Borg, L., and Drake, M.J. 2005. A review of meteorite evidence for the timing of 
magmatism and of surface or near-surface liquid water on Mars. Journal of 
Geophysical Research. 110. E12S03. 
 
Boston, P.J., Ivanov, M.V., and McKay, P.C. 1992. The Possibility of 
Chemosynthetic Ecosystems in Subsurface Habitats on Mars. Icarus. 95. 300-308. 
 
Bottke, W.F., Vokrouhlicky, D., and Nesvorny, D. 2007. An asteroid break-up 160 
Myr ago as the probably source of the K/T impactor. Nature. 449. 48-53. 
 
Bouvier, A., Blichert-Toft, J., Vervoort, J.D., Albarede, F. 2005. The age of SNC 
meteorites and the antiquity of the Martian surface. Earth and Planetary Science 
Letters. 240. 221-233. 
 
Boyce, C.K., Hazen, R.M., and Knoll, A.H. 2001. Nondestructive, in situ, cellular-
scale mapping of elemental abundances including organic carbon in permineralized 
fossils. Proceedings of the National Academy of Sciences of the United States of 
America. 98. 5970-5974. 
 
Boynton, W.V., and 24 colleagues. 2002. Distribution of Hydrogen in the Near 
Surface of Mars: Evidence for Subsurface Ice Deposits. Science. 297. 81-85. 
 
Brakenridge, G.R., Newsom, H.E., and Baker, V.R. 1985. Ancient hot springs on 
Mars: origins and palaeoenvironmental signatures of small Martian valleys. Geology. 
13. 859-862. 
 
Braunstein, D.G. and Lowe, D.R. 1996. The role of hydrodynamics in the structuring 
and growth of high-temperature (>73 °C) siliceous sinter, Yellowstone National Park. 
Geological Society of America. Abstracts with programs. 28, 280. 
 
Bremer, K., Humphries, C.J., Mishler, B.D., and Churchill, S.P. 1987. On cladistic 
relationships in green plants. Taxon. 36. 339–349. 
 
Bridges, J.C., and Grady,. M.M. 2000. Evaporite mineral assemblages in the nakhlite 
(martian) meteorites. Earth and Planetary Science Letters. 176. 267-279. 
 
Bridges, J.C., Catling, D.C., Saxton, J.M., Swindle, T.D., Lyon, I.C., and Grady, 
M.M. 2001. Alteration assemblages in Martian meteorites: implications for near-
surface processes. In Chronology and Evolution of Mars. Eds: Kallenbach, R. Geiss, 
J. and Hartmann, W.K. Space Science Reviews. 96. Kluwer Academic, Dortrecht. 
365–392. 
 
Brock, T.D. 1986. Introduction: An overview of the thermophiles. In Thermophiles: 
General, Molecular, and Applied Microbiology. New York. John Wiley and Sons. 
 
Brock, T.D., and Brock, L.M. 1970. The algae of Waimangu Cauldron (New 
Zealand): distribution in relation to pH. Journal of Phycology. 6. 371-375. 
 
Brock, T.D., Madigan, M.T., Martinko, J.M., and Parker,J. 1994. Biology of 
microorganisms. Englewood Cliffs, New Jersey, Prentice Hall. 902. 
References 
251 
 
Brown, A.J., Byrne, S., Roush, T., Tornabene, L.L., Herkenhoff, K.E., Bishop, J.L., 
Hansen, C., Green, R.O., Russell, P., McEwen, A., Murchie, S.L., Crism Team., and 
Hirise Team. 2007. Evolution of Water Ice Mound Deposit in "Louth" Crater as 
Observed by CRISM and HiRISE. 38th Lunar and Planetary Science Conference. 
1338. 2262. 
 
Brown, F.S., Adelson, H.E., Chapman, M.C., Clausen, O.W., Cole, A.J., Cragin, J.T., 
Dray, R.J., Debenham, C.H., Fortney, R.E., and Gilje, R.I. 1978. The biology 
instrument for the Viking Mars mission. Journal of Scientific Instruments. 49. 139-
182. 
 
Browne, P.R.L. 1978. Hydrothermal alteration in active geothermal fields. Annual 
Reviews in Earth and Planetary Science. 6. 229-250. 
 
Brueckner, J. 2004. Determination of chemical composition of soils and rocks at the 
MER landing sites Gusev crater and Meridiani Planum using the APXS. Eos. 85. 
abstract V11A−05. 
 
Buick, R. 1990. Microfossil recognition in Archean rocks: An appraisal of spheroids 
and filaments from a 3500 M.Y. old chert-barite unit at North Pole, Western 
Australia. Palaios. 5. 441-459. 
 
Burr, D.M., Grier, J.A., McEwen, A.S., and Keszthelyi, L. 2002. Repeated aqueous 
flooding from the Cerberus Fossae: evidence for very recently extant, deep 
groundwater on Mars. Icarus. 159. 53-73. 
  
Butchart, I., McFadzean, A.D., Whittet, D.C.B., Geballe, T.R., and Greenberg, J.M. 
1986. Three micron spectroscopy of the galactic centre source IRS7. Astronomy and 
Astrophysics Reviews. 154. L5-L7. 
  
Butterfield, N.J. 2000. Bangiomorpha pubescens n. gen., n. sp.: implications for the 
evolution of sex, multicellularity, and the Mesoproterozoic/Neoproterozoic radiation 
of eukaryotes. Paleobiology. 26. 386-404. 
 
Byrnes, J.M., and de Silva, S.L. 2003. Formation of Martian Paterae: Insights from 
terrestrial ignimbrite shields. Lunar and Planetary Science XXXIV. 1175. 
 
Cabrol, N.A., and Grin, E.A. 1995. A morphological view on potential niches for 
exobiology on Mars. Planetary and Space Science. 43. 179-188. 
 
Cady, S.L., and Farmer, J.D. 1996. Fossilization processes in siliceous thermal 
springs: trends in preservation along thermal gradients. In Evolution of hydrothermal 
systems on Earth (and Mars?). Ciba Foundation Symposium 202. Wiley, Chichester. 
105-173. 
 
Cairns-Smith, A.G., and Hartman, H. 1986. Clay minerals and the origin of life. Eds: 
Cairns-Smith, A.G., and Hartman, H. Cambridge University press.  
 
References 
252 
Camargo-Zanoguera, A., and Suarez-Reynoso, G. 1994. Evidencia Sismica del crater 
impacto de Chicxulub, Geologica Boletin de la Asociacion de Mexicana Geof. 
Exploration. 34. 1–28. 
 
Campbell, K.A.,. Sannazzaro, K., Rodgers, K.A., Herdianita, N.R., and Browne, 
P.R.L. 2001. Sedimentary facies and mineralogy of the Late Pleistocene Umukuri 
silica sinter, Taupo Volcanic Zone, New Zealand. Journal of Sedimentary Research. 
71. 727-746. 
 
Carr, M.H. 1979. Formation of Martian flood features by release of water from 
confined aquifers. Journal of Geophysical Research. 84. 2995– 3007. 
 
Carr, M.H. 1981. The Surface of Mars. Yale University Press. New Haven. 
 
Carr, M.H. 1996. Water on Mars. Oxford University Press. New York. 
 
Carr, M.H., and Greeley, R. 1980. Volcanic features of Hawaii. A basis for 
comparison with Mars. NASA Technical Report. NASA-SP-403. United States, 
Washington. 
 
Catling, D.C., and Moore, J.A. 2003. The nature of coarse-grained crystalline 
hematite and its implications for the early environment of Mars. Icarus. 165. 277-300. 
 
Cattaldo, T., Dehairs, F., Jeandel, C., Monnin, C., and Metzl, N. 1998. Biotic and 
abiotic controls of the barium distribution in the Southern Ocean water column. 
Mineralogical Magazine. 62A. 284–285. 
 
Chan, M.A., Beitler, B, Parry, W.T., Ormo, J., and Komatsu, G. 2004. A possible 
terrestrial analogue for haematite concretions on Mars. Nature. 429. 731-734. 
 
Chapman, M.G., Allen, C.C., Guðmundsson, M.T., Gulick, V.C, Jakobsson, S.P., 
Lucchitta, B.K., Skilling, I.P., and Waitt, R.B. 2000. Volcanism and ice interactions 
on Earth and Mars. In Environmental Effects of Volcanic Eruptions. Eds: Zimbelman, 
J. R. and Gregg, T. K. P. New York. Kluwer/Plenum. 39-73. 
 
Chiar, J.E., Pendleton, Y.J., Geballe, T., and Tielens, A.G.G.M. 1998. Near-Infrared 
Spectroscopy of the Proto-Planetary Nebula CRL 618 and the Origin of the 
Hydrocarbon Dust Component in the Interstellar Medium. The Astrophysical Journal. 
507. 281-286. 
 
ChimeraCheck. [Online]. Available from: http://rdp.cme.msu.edu/misc/about.jsp. 
[Accessed: April 2007]. 
 
Christensen, P.R., 11 colleagues. 1998. Results from the Mars Global Surveyor 
Thermal Emission Spectrometer. Science. 279. 1692-1698. 
 
Christensen, P.R., Bandfield, J.L., Hamilton, V.E., Howard, D.A., Lane, M.D., Piatek, 
J.L., Ruff, S.W., and Stefanov, W.L. 2000. A thermal emission spectral library of 
rock-forming minerals. Journal of Geophysical Research. 105. 9735-9739. 
 
References 
253 
Christensen, PR., Morris, R.V., Lane, M.D., Bandfield, J.L., and Malin, M.C. 2001. 
Global mapping of Martian hematite mineral deposits: Remnants of water-driven 
processes on early Mars. Journal of Geophysical Research. 106. 23873-23886. 
 
Christensen, P.R., 21 colleagues. 2003. Morphology and Composition of the Surface 
of Mars: Mars Odyssey THEMIS Results. Science. 300. 2056-2061. 
 
Christensen, P.R., 19 colleagues. 2003. Miniature Thermal Emission Spectrometer for 
the Mars Exploration Rovers. Journal of Geophysical Research. 108. E12, 8064. 
 
Clancy, R.T., Sandor, B.J., Wol, M.J., Christensen, P.R., Smith, M.D., Pearl, J.C., 
Conrath, B.J., and Wilson, R.J. 2000. An intercomparison of ground-based millimeter, 
MGS TES, and Viking atmospheric temperature measurements: Seasonal and 
interannual variability of temperatures and dust loading in the global Mars 
atmosphere. Journal of Geophysical Research. 105. 9553-9572. 
 
Clark, B.C. 1978. Implications of abundant hygroscopic minerals in the Martian 
regolith. Icarus. 34. 645-665. 
 
Clemett, S.J., Maechling, C.R., Zare, R.N., Swan, P.D., and Walker, R.M. 1993. 
Identification of complex aromatic molecules in individual interplanetary dust 
particles. Science. 262. 721-725. 
  
Clifford, S.M., and Parker, T.J. 2001. The evolution of the Martian hydrosphere 
implications for the fate of a primordial ocean and the current state of the northern 
plains. Icarus. 154. 40-79. 
 
Cockell, C.S. 1999. Life on Venus. Planetary and Space Science. 47. 1487-1501. 
 
Cockell, C.S., and Lim, D.S.S. 2005. Impact craters, water and microbial life. In 
Water on Mars and Life. Ed: Tokano, T. Springer. 261-275. 
 
Cody, G.D., Boctor, N.Z., Brandes, J.A., Filley, T.R., Hazen, R.M., and Yoder, Jr, 
H.S. 2004. Assaying the catalytic potential of transition metal sulphides for abiotic 
carbon fixation. Geochimica et Cosmochimica Acta. 68. 2185-2196. 
 
Coffin, M.F., and Eldholm, O. 1992. Volcanism and continental break-up: a global 
compilation of large igneous provinces. In Magmatism and the Causes of Continental 
Breakup. Eds: Storey, B.C., Alabaster, T., and Pankhurst, R.J. London. Geological 
Society of London Special Publication. 17-30. 
 
Cole, J.R., Chai, B., Marsh, T.L., Farris, R.J., Wang, Q., Kulam, S.A., Chandra, S., 
McGarrell, D.M., Schmidt, T.M., Garrity, G.M., and Tiedje, J.M. 2003. The 
Ribosomal Database Project (RDP-II): previewing a new autoaligner that allows 
regular updates and the new prokaryotic taxonomy. Nucleic Acids Research. 31. 442-
443. 
 
Coleman, T.B., Beer, K.E., Cameron, D.G., and Kimbell, G.S. 1989. Molybdenum 
mineralization near Chapel of Garioch, Inverurie, Aberdeenshire. British Geological 
Survey, Mineral Reconnaisance Programme Report. 100. 
References 
254 
 
Conrath, B.J., Pearl, J.C., Smith, M.D., Maguire, W.C., Dason, S., Kaelberer, M.S., 
Christensen, P.R. 2000. Mars Global Surveyor Thermal Emission Spectrometer (TES) 
observations: Atmospheric temperatures during aerobraking and science phasing. 
Journal of Geophysical Research. 105. 9509-9520. 
 
Corliss, J.B., Baross, J.A., and Hoffman, S.E. 1981. An hypothesis concerning the 
relationship between submarine hot springs and the origin of life on Earth.  
Oceanologia Acta. Proc. 26th Intl. Geol. Cong., Geol. of Oceans Symp. Paris, July 7-
17. 59-69. 
 
Costard, F., Forget, F., Mangold, N., and Peulvast, J.P. 2002. Formation of recent 
Martian debris flows by melting of near-surface ground ice at high obliquity. Science. 
295. 110-113. 
 
Cressey, G. and Schofield, P.F. 1996. Rapid whole-pattern profile stripping method 
for the quantification of multiphase samples. Powder Diffraction. 11. 35-39. 
 
Croft, W.N., and George, E.A. 1959. Blue-green algae from the Middle Devonian of 
Rhynie, Aberdeenshire. Bulletin of the British Museum (Natural History) Geology. 3. 
341-353.  
 
Crumpler, L.S., Head, J.W., and Aubele, J.C. 1996. Calderas on Mars: Characteristics, 
structure, and associated flank deformation. In Volcano Instability on the Earth and 
Other Planets. Eds: McGuire, W.J., Jones, A.P., and Neuberg, J. Geological Society 
Special Publication. 307-348. 
 
Czajkowski, M. 2002. A geological tour of the islands of Madeira and Porto Santo. 
Geology Today. 18. 26-34. 
 
Czernuszewicz, R.S., and Spiro, T.G. 1999. IR, Raman and Resonance Raman 
Spectroscopy. In Inorganic Electronic Structure and Spectroscopy. Eds: Soloman, 
E.I., and Lever, A.B.P. Hoboken, New Jersey. John Wiley and Sons, Inc. 1. 353-441. 
 
Dabard, M-P. 2000. Petrogenesis of graphitic cherts in the Armorican segment of the 
Cadomian orogenic belt (NW France). Sedimentology. 47. 787-800. 
 
Davis, T.A., Volesky, B., and Mucci, A. 2003. A review of the biochemistry of heavy 
metal biosorption by brown algae. Water Research. 37. 4311–4330. 
 
de Rome, L., and Gadd, G.M. 1991. Use of pelleted and immobilized yeast and fungal 
Biomass for heavy metal and radionuclide recovery. Journal of Industrial 
Microbiology. 7. 97–104. 
 
Delaney, P.T., Denlinger, R.P., Lisowski, M., Miklius, A., Okubo, P.G., Okamura, 
A.T., and Sako, M.K. 1998. Volcanic spreading at Kilauea, 1976–1996. Journal of 
Geophysical Research. 103. 18,003–18,023. 
 
References 
255 
Didyk, B.M., Simoneit, B.R.T., Brassell, S.C., and Eglington, G. 1978. Organic 
geochemical indicators of palaeoenvironmental conditions of sedimentation. Nature. 
272. 216-222. 
 
Diem, B. 1993. Untersuchung zur Wirkung von variierter K-, Nund P-Ern~ihrung auf 
sechs unterschiedlich wiichsige Balsam-Pappelklone (Populus trichocarpa Torr et 
Grey). Frankfurt, Germany. University of Frankfurt. PhD Thesis. 
 
Diem, M., Boydston-White, S., and Chiriboga, L. 1999. Infrared spectroscopy of cells 
and tissues.  Shining light onto an unsettled subject. Applied Spectroscopy. 53. 148-
161. 
 
Dimroth, P. 1997. Primary sodium ion translocating enzymes. Biochimica et 
Biophysica Acta. 1318. 11-51. 
 
Dressler, B.O., Sharpton, V.L., Morgan, J., Buffler, R., Moran, D., Smit, J., Stöffler, 
D., and Urrutia, J. 2003. Investigating a 65-Ma-old smoking gun: Deep drilling of the 
Chicxulub impact structure. EOS Transactions. 84. 125–130. 
 
Dressler, B.O., Sharpton, V.L., Schwandt, C.S., and Ames, D. 2004. Impactites of the 
Yaxcopoil-1 drilling site, Chicxulub impact structure: Petrography, geochemistry, and 
depositional environment. Meteoritics and Planetary Science. 39. 857-878. 
 
Dunlop, J.A. 1994. Filtration mechanism in the mouthparts of tetrapullmonate 
arachnids (Trigonotarbida, Araneae, Ampblypygi, Uropygi, Schizomida). Bulletin of 
the British Arachnological Society. 9. 267-273. 
 
Edwards, D.S. 1986. Aglaophyton major, a non-vascular land-plant from the 
Devonian Rhynie chert. Botanical Journal of the Linnean Society. 93. 173-204.  
 
Edwards, D.S., and Lyon, A.G. 1983. Algae from the Rhynie Chert. Botanical 
Journal of the Linnean Society. 86. 37-55. 
 
Eglinton, G., and Hamilton, R.J. 1967. Leaf epicuticular waxes. Science. 156. 1322-
1335. 
 
Eiler, J.M., Valley, J.W., Graham, C.M., and Fournelle, J. 2002b. Two populations of 
carbonate in ALH84001: geochemical evidence for discrimination and genesis. 
Geochimica et Cosmochimica Acta. 66. 1285-1303. 
 
Ellis, A.J., and Mahon, W.A.J. 1977. Chemistry and Geothermal Systems. Academic 
Press. New York. 392. 
 
Elwood Madden, M.E., Bodnar, R.J., and Rimstidt, J.D. 2004. Jarosite as an indicator 
of water-limited chemical weathering on Mars. Nature. 431. 821-823. 
 
Fadini, A., and Schnepel, F.-M. 1989. Vibrational Spectroscopy Methods and 
Applications. Ellis Horwood Series in Analytical Chemistry. Eds: Masson, M., and 
Tyson, J.F. Chichester. Ellis Horwood Limited. 205. 
 
References 
256 
Fairén, A.G., Dohm, J.M., Baker, V.R., de Pablo, M.A., Ruiz, J., Ferris J.C., and 
Anderson, R.C. 2003. Episodic flood inundations of the northern plains of Mars. 
Icarus. 165. 53-67. 
 
Fairén, A.G., Dohm, J.M., Uceda, E.R., Rodriguez, A.P., Baker, V.R., Fernandez, 
Remolar, D., Schulze-Makuch, D., and Amils, R. 2005. Prime candidate sites for 
astrobiological exploration through the hydrogeological history of Mars. Planetary 
and Space Science. 53. 1355-1375. 
 
Farmer, J.D. 1996 Hydrothermal systems on Mars: an assessment of present evidence. 
In Evolution of hydrothermal ecosystems on Earth (and Mars?). Eds: Bock, G.R., and 
Goode, J.A. Chichester. Wiley. 273-299. 
 
Farmer, V.C. 1974. The Infrared Spectra of Minerals. Mineralogical Society, London. 
 
Fayers, S. R., and Trewin, N. H. 2004. A review of the palaeoenvironments and biota 
of the Windyfield chert. Transactions of the Royal Society of Edinburgh: Earth 
Sciences. 94. 325-339. 
 
Feldman, W.C., Boynton, W.V., Tokar, R.L., Prettyman, T.H., Gasnault, O., Squyres, 
S.W., Elphic, R.C., Lawrence, D.J., Lawson, S.L., Maurice, S., McKinney, G.W., 
Moore, K.R., Reedy, R.C. 2002. Global distribution of neutrons from Mars: results 
from Mars Odyssey. Science. 297. 75-78. 
 
Ferraz, A.S., Carreto, L., Tenreiro, S., Nobre, M.F., and da Costa, M.S. 1994. Polar 
lipids and fatty acid composition of Thermus strains from New Zealand. Antonie Van 
Leeuwenhoek International Journal of General and Molecular Microbiology. 66. 357-
363. 
 
Ferris, F.G., Fyfe, W.S., and Beveridge, T.J. 1988. Metallic ion binding by Bacillus 
subtilis: implications for the fossilization of microorganisms. Geology. 16. 153-157. 
 
Ferris, J.P. 2005. Mineral Catalysis and Prebiotic Synthesis: Montmorillonite-
Catalyzed Formation of RNA. Elements. 1. 145-149. 
 
Fink, J. 1980. Surface folding and viscosity of rhyolite flows. Geology. 8. 250-254. 
Flörke, O.W., Graetsch, H., Martin, K., Roller, K., and Wirth, R. 1991. Nomenclature 
of micro- and non-crystalline silica minerals, based on structure and microstructure. 
Neues Jahrbuch Fur Mineralogie-Abhandlungen. 163. 19-42. 
 
Finlay, B.J., Hetherington, N.B., and Davison, W. 1983. Active biological 
participation in lacustrine barium chemistry. Geochimica et Cosmochimica Acta. 47. 
1325–1329. 
 
Flörke, O.W., Graetsch, H., Martin, K., Roller, K., and Wirth, R. 1991. Nomenclature 
of micro- and non-crystalline silica minerals, based on structure and microstructure. 
Neues Jahrbuch für Mineralogie Abhandlungen. 163. 19-42. 
 
Flynn, G.J. 1996. The delivery of organic matter from asteroids and comets to the 
early surface of Mars. Earth, Moon and Planets. 72. 469-474. 
References 
257 
 
Flynn, G.J., Keller, L.P., Joswiak D., and Brownlee, D.E. 2002. Infrared Analysis of 
organic carbon in anhydrous and hydrated interplanetary dust particles: FTIR 
identification of carbonyl (C=O) in IDPs. Lunar and Planetary Science. XXXIII. 
#1320. 
 
Flynn, G.J., Keller, L.P., and Miller, M. 1998. FTIR detection of organic carbon in 
interplanetary dust particles. Lunar and Planetary Science. XXIX. 
 
Flynn, G.J., and McKay, D.S. 1990. Meteoritic contribution to Martian soil. Journal 
of Geophysical Research. 95. 14497-14509. 
 
Fournier, R.O., and Rowe, J.J. 1966. Estimation of underground temperatures from 
the silica content of water from hot springs and wet-steam wells. American Journal of 
Science. 246. 685-697. 
 
Fournier, R.O. 1985a. The behaviour of silica in hydrothermal solutions. Reviews in 
Economic Geology. 2. 45-61. 
 
Francis, P. 1993. Volcanoes: A Planetary Perspective. Oxford University Press. 443. 
 
Franklin, S.P., Hajash Jr, A., Dewers, T.A., and Tieh, T.T. 1994. The role of 
carboxylic acids in albite and quartz dissolution: An experimental study under 
diagenetic conditions. Geochimica et Cosmochimica Acta. 58. 4259–4279. 
 
Fredrickson, J.K., and Balkwill, D.L. 2006. Geomicrobial Processes and Biodiversity 
in the Deep Terrestrial Subsurface. Geomicrobiology Journal. 23. 345-356. 
 
Fridleifsson, G.Ó., and Ármannsson, H. 1999. Silica sinters in Snaefellsnes and 
Hnappadalur, West Iceland. In Geochemistry of the Earth’s Surface: proceedings of 
the 5th International Symposium. Ed: Ármannsson, H. Taylor and Francis. Balkerna, 
Rotterdam. 499-502. 
 
Friedmann, E.I. 1980. Endolithic Microbial Life in Hot and Cold Deserts. Origins of 
Life and Evolution of the Biosphere. 10. 223-235. 
 
Friedmann, E.I. 1982. Adaptations of cryptoendolithic lichens in the Antarctic Dry 
Valleys. Origins of life and evolution of the biosphere. 12. 320. 
 
Friedmann, E.I., and Ocampo, R. 1976. Endolithic Blue-Green Algae in the Dry 
Valleys: Primary Producers in the Antarctic Desert Ecosystem. Science. 193. 1247-
1249. 
 
Friedmann, E., and Ocampo-Friedmann, R. 1984b. The Antarctic cryptoendolithic 
ecosystem: Relevance to exobiology. Origins of life and evolution of the biosphere. 
14. 771-776. 
 
Furnes, H. 2001. Biogenic alteration of volcanic glass from the Troodos ophiolite, 
Cyprus. Journal of the Geological Society. 158. 75-82. 
 
References 
258 
Furnes, H., Banerjee, N.R., Staudigel, H., Muehlenbachs, K., McLoughlin, N., de 
Witt, M., and Van Kranendonk, M.J. 2007. Comparing petrographic signatures of 
bioalteration in recent to Mesoarchean pillow lavas: Tracing subsurface life in oceanic 
igneous rocks. Precambrian Research. 158. 156–176. 
 
Furnes, H., and Staudigel, H. 1999. Biological mediation in ocean crust alteration: 
how deep is the deep biosphere? Earth and Planetary Science Letters. 166. 97-103. 
 
Gaidos, E.J. 2001. Cryovolcanism and the Recent Flow of Liquid Water on Mars. 
Icarus. 153. 218-223. 
 
Gardinier, A., Derenne, S., Robert, F., Behar, F., Largeau C., and Maquet. J. 2000. 
Solid state CP/MAS C-13 NMR of the insoluble organic matter of the Orgueil and 
Murchison meteorites: quantitative study. Earth and Planetary Science Letters. 184. 
9-21. 
 
Gargas, A., DePriest, P.T., Grube, M., and Tehler, A. 1995. Multiple origins of lichen 
symbioses in fungi suggested by SSU rDNA phylogeny. Science. 268. 1492–1495. 
 
Gauger, A., Sedlmayr, E., and Gail, H.-P. 1990. Dust formation, growth and 
evaporation in a cool pulsating circumstellar shell. Astronomy and Astrophysics. 235. 
345-361. 
 
Gehrz, R.D., Truran, J.W., Williams, R.E., and Starrfield, S. 1998. Nucleosynthesis in 
Classical Novae and Its Contribution to the Interstellar Medium. Publications of the 
Astronomical Society of the Pacific. 110. 3-26. 
 
Gellert, R., 11 colleagues. 2006. Alpha Particle X-Ray Spectrometer (APXS): Results 
from Gusev crater and calibration report. Journal of Geophysical Research. 111. 
E02S05. 
 
Genge, M.J. 2006. Igneous rims on micrometeorites. Geochimica et Cosmochimica 
Acta. 70. 2603-2621. 
 
Geptner, A., Ivanovskaya, T., and Pokrovskaya, E. 2005. Hydrothermal Fossilization 
of Microorganisms at the Earth's Surface in Iceland. Lithology and Mineral 
Resources. 40. 505-520. 
 
Gerdes, G., and Krumbein, W.E. 1987. Biolaminated Deposits. Lecture Notes in Earth 
Sciences 9. New York. Springer. 183. 
 
Giggenbach, W.F. 1984. Mass transfer in hydrothermal alteration systems - A 
conceptual approach. Geochimica et Cosmochimica Acta. 48. 2693–2711. 
 
Giggenbach, W.F., Sheppard, D.S., Robinson, B.W., Stewart, M.K., and Lyon, G.L. 
1994. Geochemical structure and position of the Waiotapu geothermal-field, New 
Zealand. Geothermics. 23. 599-644. 
 
Gilmore, M.S., and Phillips, E.L. 2002. Role of aquicludes in formation of Martian 
gullies. Geology. 30. 1107-1110. 
References 
259 
 
Gilmour, I., French, B.M., Franch, I.A., Abbott, J.I., Hough, R.M., Newton, J., and 
Koeberl, C. 2003. Geochemistry of carbonaceous impactites from the Gardnos impact 
structure, Norway. Geochimica et Cosmochimica Acta. 67. 3889-3903. 
 
Glasby, G.P. 1998. Earliest life in the Archaean: rapid dispersal of CO2-utilizing 
bacteria from submarine hydrothermal vents. Episodes. 21. 252-256. 
 
Godfrey, R.M. 1957. Studies of British species of Endogone. Transactions of the 
British Mycological Society. 40. 136-144. 
 
Goldstein, J. 2003. Scanning electron microscopy and x-ray microanalysis. Kluwer 
Adacemic/Plenum Publishers. 689. 
 
Gonzalez-Partida, E., Carillo, C.A., and Martinez, I.R. 2000. Fluid inclusions from 
anhydrite related to the Chicxulub Crater impact breccias, Yucatán, Mexico; 
Preliminary report. International Geology Review. 42. 279–288. 
 
Gooding, J.L. 1992. Soil mineralogy and chemistry on Mars: possible clues from salts 
and clays in SNC meteorites. Icarus. 99. 28-41. 
 
Gooding, J.L., and Keil, K. 1978. Alteration of glass as a possible source of clay 
minerals on Mars. Geophysical Research Letters. 5. 727–730. 
 
Gooding, J.L., Wentworth, S.J., Zolensky, M.E. 1991. Aqueous alteration of the 
Nakhla meteorite. Meteoritics. 26. 135-143. 
 
Google Earth. 2008. Iceland. [Online]. Available from: http://earth.google.com. 
[Accessed: 1 March 2008]. 
 
Google Earth. 2008. New Zealand. [Online]. Available from: http://earth.google.com. 
[Accessed: 1 March 2008]. 
 
Google Earth. 2008. Yucatan Peninsula. [Online]. Available from: 
http://earth.google.com. [Accessed: 11 March 2008). 
 
Govindaraju, K. 1989. Compilation of working values and sample description for 272 
geostandards. Geostandards Newsletter. 13 (special issue). 
 
Grant, J.A., 23 colleagues. 2004. Surficial Deposits at Gusev Crater Along Spirit 
Rover Traverses. Science. 305. 807-810. 
 
Greeley, R., and Guest, J.E. 1987. U.S. Geological Survey Miscellaneous 
Investigations Series Map I-1802-B, scale 1:15 000 00. 
 
Greeley, R., Lancaster, N., Lee, S., and Thomas, P. 1992. Martian Aeolian Processes, 
Sediments, and Features. In Mars. Eds: Kieffer, H.H., Jakosky, B.M., Snyder, C.W., 
and Matthews, M.S. Tucson. University of Arizona press. 730-766. 
 
References 
260 
Greenwood, J.P., and McSween, H.Y. 2001. Petrogenesis of Allan Hills 84001: 
Constraints from impact-melted feldspathic and silica glasses. Meteoritics and 
Planetary Science. 36. 43-61. 
 
Grieve, R.A.F., and Masaitis, V.L. 1994. The economic potential of terrestrial impact 
craters. International Geology Review. 36. 105–151. 
 
Gudmundsson, A. 2000. Dynamics of Volcanic Systems in Iceland: Example of 
Tectonism and Volcanism at Juxtaposed Hot Spot and Mid-Ocean Ridge Systems. 
Annual Review of Earth and Planetary Sciences. 28. 107-140. 
 
Guidry, S.A., and Chafetz, H.S. 2003. Depositional facies and diagenetic alteration in 
a relict siliceous hot-spring accumulation: Examples from Yellowstone National Park, 
USA. Journal of Sedimentary Research. 73. 806-823. 
 
Guidry, S.A. and Chafetz, H.S. 2003a. Anatomy of siliceous hot springs: examples 
from Yellowstone National Park, Wyoming, USA. Sedimentology. 49. 1253-1267. 
 
Guidry, S.A., Chafetz, H.S., Steele, A., and Toporski, J. 2000. A Preliminary ToF-
SIMS assessment of preservation potential of organic biomarkers in modern siliceous 
sinter and core, Yellowstone National Park, Wyoming (abstract). 31st Lunar and 
Planetary Science Conference, Abstract 1100. 
 
Gulick, V.C. 1998. Magmatic intrusions and a hydrothermal origin for fluvial valleys 
on Mars. Journal of Geophysical Research. 103. 19365-19387. 
 
Gulick, V.C., and Baker, V.R. 1990. Origin and evolution of valleys on Martian 
volcanoes. Journal of Geophysical Research. 95. 14325-14344. 
 
Hagerty, J.J., and Newsom, H.E. 2003. Hydrothermal alteration at the Lonar Lake 
impact structure, India Implications for impact cratering on Mars. Meteoritics and 
Planetary Science.  38. 365–381. 
 
Hanczyc, M.M., Fujikawa, S.M., and Szostak, J.W. 2003. Experimental Models of 
Primitive Cellular Compartments: Encapsulation, Growth, and Division. Science. 302. 
618-622. 
 
Harder, H., and Christensen, U. 1996. A one-plume model of martian mantle 
convection. Nature. 380. 507-509. 
 
Harper, C.L., JR., Nyquist, L. E., Bansal, B.M., Wiesmann, H., and Shih, C.-Y. 1995. 
Rapid accretion and early differentiation of Mars indicated by 142Nd/144Nd in SNC 
meteorites. Science. 267. 213-216. 
 
Hartmann, W.K., and Berman, D.C. 2000. Elysium Planitia lava flows: Crater count 
chronology and geological implications. Journal of Geophysical Research-Planets. 
105. 15011-15025. 
 
Harwood, J.L., and Russell, N.J. 1984. Lipids in Plants and Microbes. Allen & Uwin, 
London. 35–59. 
References 
261 
 
Hass, H. 1991. Die Epidermis von Horneophyton lignieri (Kidston & Lang) 
Barghoorn & Darrah. Neues Jahrbuch fur Geologie und Palaontologie Abhandlungen. 
183. 61-85. 
 
Hass, H., Taylor, T.N., and Remy, W. 1994. Fungi from the Lower Devonian Rhynie 
chert: mycoparasitism. American Journal of Botany. 81. 29-37. 
 
Hawksworth, D.L. 1991. Biological diversity in fungi, bacteria and viruses. Biology 
Education. 8. 57-62. 
 
Hayba, D.O., and Ingebritsen, S.E. 1994. The computer model HYDROTHERM, a 
three-dimensional finite-difference model to simulate ground-water flow and heat 
transport in the temperature range of 0 to 1,200 degrees Celsius. U.S. Geological 
Survey Water-Resources Investigations Report. Reston, Virginia. Geological Survey. 
94-4045. 85. 
 
Hayes, J. 1967. Organic constituents of meteorites - A review. Geochimica et 
Cosmochimica Acta. 61. 1395-1440. 
 
Head, J.W., and Coffin, M.F. 1997. Large igneous provinces: a planetary perspective. 
American Geophysical Union Monograph. 100. 411-438. 
 
Hecht, L., Schmitt, R.T., and Wittmann, A. 2003. Hydrothermal alteration of the 
impactites at the ICDP drill site Yax-1 (Chicxulub crater). 34th Lunar and Planetary 
Science Conference. 1583. 
 
Hecht, L., Wittmann, A., Schmitt, R.T., and Stöffler, D. 2004. Composition of impact 
melt particles and the effects of post-impact alteration in suevitic rocks at the 
Yaxcopoil-1 drill core, Chicxulub crater, Mexico. Meteoritics and Planetary Science. 
39. 1169-1186. 
 
Hedenquist, J.W. 1983a. Waiotapu, New Zealand: The geochemical evolution and 
mineralization of an active hydrothermal system. PhD Thesis. University of 
Auckland, Auckland. 242. 
 
Hedenquist, J.W. 1986a. Geothermal systems of the Taupo Volcanic Zone: Their 
characteristics and relation to volcanism and mineralisation. In Late Cenozoic 
Volcanism in New Zealand. Ed: Smith, I.E.M. Royal Society of New Zealand 
Bulletin. 23. 134-168. 
 
Hedenquist, J.W. 1991. Boiling and dilution in the shallow portion of the Waiotapu 
geothermal system, New Zealand. Geochimica et Cosmochimica Acta. 55. 2753–
2765. 
 
Hedenquist, J.W., and Browne, P.R.L. 1989. The evolution of the Waiotapu 
geothermal system, New Zealand, based on the chemical and isotopic composition of 
its fluids, minerals and rocks. Geochimica et Cosmochimica Acta. 53. 2235-2257. 
 
References 
262 
Hedenquist, J.W., and Henley, R.W. 1985. Hydrothermal eruptions in the Waiotapu 
geothermal system, New Zealand; their origin, associated breccias, and relation to 
precious metal mineralization. Economic Geology. 6. 1640-1668. 
 
Heldmann, J.L., and Mellon, M.T. 2004. Observations of Martian gullies and 
constraints on potential formation mechanisms. Icarus. 168. 285-304. 
 
Henley, R.W., and Ellis, A.J. 1983. Geothermal systems, ancient and modern: a 
geochemical review. Earth Science Reviews. 19. 1-50. 
 
Herdianita, N.N.R., Browne, P.R.L., Rodgers, K.A., and Campbell, K.A. 2000a. 
Mineralogical and textural changes accompanying ageing of silica sinter. Mineralium 
Deposita. 35. 48-62. 
 
Herkenhoff, K.E., 32 colleagues. 2004. Evidence from Opportunity's microscopic 
imager for water on Meridiani Planum. Science. 306. 1727-1730. 
 
Hildebrand, A.R., Penfield, G.T., Kring, D.A., Pilkington, M., Camargo, A.Z., 
Jacobson, S.B., and Boynton, W.V. 1991. Chicxulub crater: a possible 
Cretaceous/Tertiary Boundary impact crater on the Yucatan Peninsula. Geology. 19. 
867–869. 
 
Hiscox, J.A. 2001. An overview of the origin of life: the case for biological 
prospecting on Mars. Earth, Moon and Planets. 87. 191-212. 
 
Hochstein, M.P. 1995. Crustal heat transfer in the Taupo Volcanic Zone (New 
Zealand): comparison with other volcanic arcs and explanatory heat source models. 
Journal of Volcanology and Geothermal Research. 68. 117-151. 
 
Hodges, C.A., and Moore, H.J. 1979. The subglacial birth of Olympus Mons and its 
aureoles. Journal of Geophysical Research. 84. 8061-8074. 
 
Holloway, J.R., and O'Day, P.A. 2000. Production of CO2, H2 by diking-eruptive 
events at mid-ocean ridges: implications for abiotic organic synthesis, global 
geochemical cycling. International Geology Review. 42. 673–683. 
 
Horneck, G. 1995. Exobiology, the Study of the Origin, Evolution and Distribution of 
Life within the Context of Cosmic Evolution: A Review. Planetary and Space 
Science. 43. 189-217. 
 
Houghton, B., and Scott, B. 2002. Geyserland - A guide to the volcanoes and 
geothermal areas of Rotorua. Geological Society of New Zealand. 13. 
 
Houtkooper, J.M., and Schulze-Makuch, D. 2007. The hydrogen peroxide-water 
hypothesis for life on Mars and the problem of detection. In Instruments, Methods, 
Missions for Astrobiology X. Eds: Hoover, R.B., Levin, G.V., Rozanov, A.Y., and 
Davies, P.C.W. Proceedings of the Society of Photo-Optical Instrumentation 
Engineers (Spie). 6694.  
 
References 
263 
Huber, T., Faulkner, G., and Hugenholtz, P. 2004. Bellerophon; a program to detect 
chimeric sequences in multiple sequence alignments. Bioinformatics. 20. 2317-2319. 
 
Hugenholtz, P., Pitulle, C., Hershberger, K.L., and Pace, N.R. 1998. Novel division 
level bacterial diversity in Yellowstone hot spring. Journal of Bacteriology. 180. 366-
376. 
 
Humphris, S.E., Alt, J.C., Teagle, D.A.H., and Honnorez, J.J. 1998. ODP 
Geochemical changes during hydrothermal alteration of basement in the stockwork 
beneath the active TAG hydrothermal mound. Proceedings of the Ocean Drilling 
Program, Scientific Results. 158. 
 
Hunt, T.M., and Bibby, H.M. 1992. Geothermal hydrology. In Waters of New 
Zealand. Ed: Mosley, M.P. New Zealand Hydrological Society, Wellington. 147-166. 
 
Hunt, T.M., Glover, R.B., and Wood, C.P. 1994. Waimangu, Waiotapu, and Waikite 
Geothermal Systems, New Zealand: Background and History. Geothermics. 23. 379-
400. 
 
Imae, Y., and Atsumi, T. 1989. Na+-driven bacterial flagellar motors. Journal of 
Bioenergetics and Biomembranes. 21. 705-716. 
 
Imanishi, M. 2000. The 3.4-μm absorption feature towards three obscured active 
galactic nuclei. Monthly Notices of the Royal Astronomical Society. 319. 331-336. 
 
Imanishi, M. 2002. 3-4 Micron Spectroscopy of Seyfert 2 Nuclei to Quantitatively 
Assess the Energetic Importance of Compact Nuclear Starbursts. The Astrophysical 
Journal. 569. 44-53. 
 
Imanishi, M., and Dudley, C. 2000. Energy Diagnoses of Nine Infrared Luminous 
Galaxies Based on 3-4 Micron Spectra. The Astrophysical Journal. 545. 701-711. 
 
Imanishi, M., Dudley, C., and Maloney, P. 2001. Strong Evidence for a Buried Active 
Galactic Nucleus in UGC 5101: Implications for LINER-type Ultraluminous Infrared 
Galaxies. The Astrophysical Journal. 558. 93-96. 
 
Imanishi M, Terada H, Sugiyama K, Motohara K, Goto M and Maihara T. 1997. 
Spectroscopic Study of NGC 1068 in the 3 micron Band.  Publications of the 
Astronomical Society of Japan. 49. 69-73. 
 
Jadubansa, P. 1996. Development of a polymerase chain reaction based diagnosis of 
Trichomas Vaginalis. MSc Thesis in Biomedical Sciences. 
 
Jakosky, B.M., and Farmer, C.B. 1982. The Seasonal and Global Behavior of Water 
Vapor in the Mars Atmosphere: Complete Global Results of the Viking Atmospheric 
Water Detector Experiment. Journal of Geophysical Research. 87. 2999-3019. 
 
Jakosky, B.M., and Haberle, R.M. 1992. Mars. Eds: Kieffer, H.H., Jakosky, B.M., 
Snyder, C.W., and Matthews, M.S. Tucson. University of Arizona press. 
 
References 
264 
Jakosky, B.M., and Phillips, R.J. 2001. Mars’ volatile and climate history. Nature. 
412. 237-244. 
 
Johnson, G.T., and Kyker, G.C. 1966. Fission-product and cerium uptake by bacteria, 
yeasts, and molds. Mycologia. 58. 91-99. 
 
Jones, B., and Segnit, E.R. 1971. The nature of opal: nomenclature and constituent 
phases. Journal of the Geological Society of Australia. 18. 57-68. 
 
Jones, B., and Renaut, R.W. 1996. Influence of thermophilic bacteria on calcite and 
silica precipitation in hot springs with water temperatures above 90 °C: evidence from 
Kenya and New Zealand. Canadian Journal of Earth Science. 33. 72-83. 
 
Jones, B., and Renaut, R.W. 2003. Hot spring and geyser sinters: the integrated 
product of precipitation, replacement, and deposition. Canadian Journal of Earth 
Science. 40. 1549-1569. 
 
Jones, B., and Renaut, R.W. 2004. Water content of opal-A: implications for the 
origin of laminae in geyserite and sinter. Journal of Sedimentary Research. 74. 117-
128. 
 
Jones, B., and Renaut, R.W. 2007. Microstructural changes accompanying the opal-A 
to opal-CT transition: new evidence from the siliceous sinters of Geysir, Haukadalur, 
Iceland. Sedimentology. 54. 921-948. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 1997a. Biogenicity of silica precipitation 
around geysers and hot-spring vents, North Island, New Zealand. Journal of 
Sedimentary Research. 67. 88-104. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 1997b. Vertical Zonation of biota in 
microstromatolites associated with hot springs, North Island, New Zealand. Palaios. 
12. 220-236. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 1998. Microbial biofacies in hot-spring 
sinters: a model based on Ohaaki Pool, North Island, New Zealand. Journal of 
Sedimentary Research. 68. 413-434. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 1999. Role of fungi in the formation of 
siliceous coated grains, Waiotapu geothermal area, North Island, New Zealand. 
Palaios. 14. 475-492. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 2000. Stromatolites forming in acidic hot-
spring waters, North Island, New Zealand. Palaios. 15. 450-475. 
 
Jones, B., Renaut, R.W., and Rosen, M.R. 2001c. Taphonomy of silicified 
filamentous microbes in modern geothermal sinters – implications for identification. 
Palaios. 16. 580-592. 
 
Jura, M. 1990. The absence of circumstellar dust debris around G giants. 
Astrophysical Journal. 365. 317-320. 
References 
265 
 
Kaiser, C.J., Kelly, W.C., Wagner, R.J., and Shanks, W.C. 1987. Geologic and 
geochemical controls of mineralization in the southeast Missouri barite district. 
Economic Geology. 82. 719–734. 
 
Kasting, J.F., Whitmire, D.P., and Reynolds, R.T. 1993. Habitable Zones around 
Main Sequence Stars. Icarus. 101. 108-128. 
 
Kenrick, P. 1994. Alternation of generations in land plants: New phylogenetic and 
palaeobotanical evidence. Biological reviews of the Cambridge Philosophical Society. 
69. 293-330.  
 
Kenrick, P., and Crane, P.R. 1997. The origin and early evolution of plants on land. 
Nature. 389. 33–39. 
 
Kerr, R.A. 2000. Reversals reveal pitfalls in spotting ancient and E.T. life. Science. 
296. 1384-1385. 
 
Kerr, R.A. 2005. Planetary science: Cassini catches mysterious hot spot on icy-cold 
Enceladus. Science. 309. 859–860. 
 
Kidston, R., and Lang, W.H. 1917. On Old Red Sandstone plants showing structure, 
from the Rhynie chert bed, Aberdeenshire. Transactions of the Royal Society of 
Edinburgh. 51. 761-784. 
 
Kidston, R., and Lang, W.H. 1920a. On Old Red Sandstone plants showing structure, 
from the Rhynie chert bed, Aberdeenshire. Part II.  Additional notes on Rhynia 
gwynnevaughani, Kidston and Lang: with descriptions of Rhynia major, N. sp., and 
Hornea lignieri, N. G. N. sp. Transactions of the Royal Society of Edinburgh. 52. 603-
627. 
  
Kidston, R., and Lang, W.H. 1920b. On Old Red Sandstone plants showing structure, 
from the Rhynie chert bed, Aberdeenshire. Part III. Asteroxylon mackiei Kidston and 
Lang. Transactions of the Royal Society of Edinburgh. 52. 643-680. 
 
Kidston, R., and Lang, W.H. 1921a. On Old Red Sandstone plants showing structures 
from the Rhynie Chert bed, Aberdeenshire. IV. Restorations of vascular cryptograms, 
and discussion of their bearing on the general morphology of the Pteridophyta, and 
the origin of the organisation of land-plants. Transactions of the Royal Society of 
Edinburgh. 52. 831-854. 
 
Kidston, R., and Lang, W.H. 1921b. On Old Red Sandstone plants showing structures 
from the Rhynie Chert bed, Aberdeenshire. V. The Thallophyta occuring in the peat-
bed; the succession of the plants throughout a vertical section of the bed, and the 
conditions of accumulation and preservation of the deposit. Transactions of the Royal 
Society of Edinburgh. 52. 855-902. 
 
Kieffer, H.H., and Titus, T., 2001. TES mapping of Mars’ north seasonal cap. Icarus. 
154. 162-180. 
 
References 
266 
Kieffer, H.H., Titus, T., Mullins, K., and Christensen, P.R. 2000. Mars south polar 
cap as observed by the Mars Global Surveyor Thermal Emission Spectrometer. 
Journal of Geophysical Research. 105. 9653-9700. 
 
Kissel, J., and Krueger, F.R. 1987. The organic component in dust from comet Halley 
as measured by the PUMA mass spectrometer on board Vega 1. Nature. 326. 755-
760. 
 
Klein, H.P. 1978. The Viking biological experiments on Mars. Icarus. 34. 666-674. 
 
Klingelhöefer, G., 18 colleagues. 2004. Jarosite and hematite at Meridiani Planum 
from Opportunity’s Mössbauer Spectrometer. Science. 306. 5702, 1740-1745. 
 
Knoll, A.H. 1985. Exceptional preservation of photosynthetic organisms in silicified 
carbonates and silicified peats. Philosophical Transactions of the Royal Society of 
London B. 311. 111-122. 
 
Koeberel, C., Armstrong, R.A., and Reimold, W.U. 1997. Morokweng, South Africa: 
A large impact structure of Jurassic-Cretaceous boundary age. Geology. 25. 731–734. 
 
Komar, P.D. 1979. Comparisons of the hydraulics of water flows in Martian outflow 
channels with flows of similar scale on Earth. Icarus. 37. 156-181. 
 
Komatsu, G., and Ori, G.G. 2000. Exobiological implications of potential sedimentary 
deposits on Mars. Planetary and Space Science. 48. 1043-1052. 
 
Komor, S.C., Valley, J.W., and Brown, P.E. 1988. Fluid-inclusion evidence for 
impact heating at the Siljan Ring, Sweden. Geology. 16. 711–715. 
 
Konhauser, K.O., Phoenix, V.R., Bottrell, S.H., Adams, D.G., and Head, I.M. 2001. 
Microbial-silica interactions in Icelandic hot spring sinter: possible analogues for 
some Precambrian siliceous stromatolites. Sedimentology. 48. 415-433. 
 
Krauskopf, K.B. 1956. Dissolution and precipitation of silica at low temperature. 
Geochimica et Cosmochimica Acta. 10. 1-26. 
 
Kring, D.A. 2000a. Impact events and their effect on the origin, evolution, and 
distribution of life. GSA Today. 10. 1–7. 
 
Kring, D.A. 2000b. Impact-induced hydrothermal activity and potential habitats for 
thermophilic and hyperthermophilic life. In Catastrophic events and mass extinctions; 
Impacts and beyond. Ed: Koeberl C. Houston: Lunar and Planetary Institute. 
 
Kring, D.A. 2003. Potential habitats in impact-generated hydrothermal systems. 
Geochimica et Cosmochimica Acta. Special Supplement. A236. 
 
Kring, D.A., and Boynton, W.V. 1992. Petrogenesis of an augite bearing melt rock in 
the Chicxulub structure and its relationship to K/T impact spherules in Haiti. Nature. 
358. 141–144. 
 
References 
267 
Kring, D.A., Hildebrand, A.R., and Boynton, W.V. 1991. The petrology of an 
andesitic melt rock and a polymict breccia from the interior of the Chicxulub 
structure, Yucatán, Mexico. In Abstracts of papers submitted to the Twenty-second 
lunar and planetary science conference. New York: Pergamon Press. 755–756. 
 
Krings, M., Kerp, H., Hass, H., Taylor, T. N., and Dotzler, N. 2007. A filamentous 
cyanobacterium showing structured colonial growth from the Early Devonian Rhynie 
chert. Review of Palaeobotany and Palynology. 146. 265-276. 
 
Kuhn, W.R. and Atreya, S.K. 1979. Solar radiation incident on the Martian surface. 
Journal of Molecular Evolution. 14. 57-64. 
 
Lane, D.J. 1991. 16S/23S rRNA sequencing. In Nucleic Acid Techniques in Bacterial 
Systematics. Eds: Stackebrandt, E. and Goodfellow, M. Chichester. John Wiley and 
Sons. 115-175. 
 
Lazcano, A., and Miller, S.L. 1994. From the prebiotic soup to cyanobacteria - It may 
have taken less than 10 million years. Abstracts of Papers of the American Chemical 
Society. 207. 24. 
 
Leblanc, F. and Johnson, R.E. 2001. Sputtering of the Martian atmosphere by solar 
wind pick-up ions. Planetary and Space Science. 49. 645-656. 
 
Lefticariu, M., Perry, E.C., Lefticariu, L., and Ward, W. 2004. Diagenetic evolution of 
the Cenozoic Formations associated with the Chicxulub impact crater, Northwestern 
Yucatan Peninsula, Mexico. Lunar and Planetary Science. XXXV. 1083-1084. 
 
Lehman, R.M., Colwell, F.S., and Bala, G.A. 2001. Attached and unattached 
microbial communities in a simulated basalt aquifer under fracture- and porous-flow 
conditions. Applied Environmental Microbiology. 67. 2799-2809. 
 
Leo, R.F., and Barghoorn, E.S. 1976. Silicification of wood. Harvard University 
Botanical Museum Leaflets. 25. 1-47. 
 
Leshin, L.A., Epstein, S., and Stolper, E.M. 1996. Hydrogen isotope geochemistry of 
SNC meteorites. Geochimica et Cosmochimica Acta. 60. 2635-2650. 
 
Leshin, L.A., and Vicenzi, E. 2006. Aqueous Processes Recorded by Martian 
Meteorites: Analyzing Martian Water on Earth. Elements. 2. 157-162. 
 
Lewis, L.A., and McCourt, R.M. 2004. Green algae and the origin of land plants. 
American Journal of Botany. 91. 1535-1556. 
 
Lindsay, J.F., and Brasier, M.D. 2002. Did global tectonics drive early biosphere 
evolution? Carbon isotope record from 2.6 to 1.9 Ga carbonates of Western Australian 
basins. Precambrian Research. 114. 1-34. 
 
Lloyd, E.F. 1959. The hot springs and hydrothermal eruptions of Waiotapu. New 
Zealand Journal of Geology and Geophysics. 2. 141-176. 
 
References 
268 
Lucchitta, B.K., and Anderson, D.M. 1980. Martian outflow channels sculptured by 
glaciers. In Reports of Planetary Geology Program 1980. NASA TM-81776. 271-
273. 
 
Lüders, V., and Rickers, K. 2004. Fluid inclusion evidence for impact related 
hydrothermal fluid and hydrocarbon migration in Cretaceous sediments of the ICDP 
Chicxulub drill core Yaxcopoil-1. Meteoritics & Planetary Science. 39. 1019-1247. 
 
Lüders, V., Horsfield, B., Kenkmann, T., Mingram, B., and Wittmann, A. 2003. 
Hydrocarbons and aqueous fluids in Cretaceous sediments of the ICDP-Chicxulub 
drill core Yax-1. 34th Lunar and Planetary Science Conference. 1378. 
 
Lunine, J.I., Chambers, J., Morbidelli, A., and Leshin, L.A. 2003. The Origin of 
Water on Mars. Icarus. 165. 759-763. 
 
Lutzoni, F., Pagel, M., and Reeb, V. 2001. Major fungal lineages are derived from 
lichen symbiotic ancestors. Nature. 411. 937–40. 
 
Lynne, B.Y., and Campbell, K.A. 2003. Diagenetic transformations (opal-A to quartz) 
of low- and mid-temperature microbial textures in siliceous hot-spring deposits, 
Taupo Volcanic Zone, New Zealand. Canadian Journal of Earth Science. 40. 1979-
1996. 
 
Lynne, B.Y., and Campbell, K.A. 2004. Morphologic and mineralogic transitions 
from opal-A to opal-CT in low-temperature siliceous sinter diagenesis, Taupo 
Volcanic Zone, New Zealand. Journal of Sedimentary Research. 74. 561-579. 
 
Lynne, B.Y., Campbell, K.A., Moore, J.N., and Browne, P.R.L. 2005. Diagenesis of 
1900-year-old siliceous sinter (opal-A to quartz) at Opal Mound, Roosevelt Hot 
Springs, Utah, USA. Sedimentary Geology. 179. 249-278. 
 
Lyon, A.G. 1957. Germinating spores in the Rhynie chert. Nature. 180. 1219. 
 
Lyons, W.B., Welch, K.A., Snyder, G., Olesik, J., Graham, E.Y., Marion, G.M., and 
Poreda, R.J. 2005. Halogen geochemistry of the McMurdo Dry Valleys lakes, 
Antarctica: clues to the origin of solutes and lake evolution. Geochimica et 
Cosmochimica Acta. 69. 305-323. 
 
Mackie, W. 1913. The Rock series of Craigbeg and Ord Hill, Rhynie, Aberdeenshire. 
Transactions of the Edinburgh Geological Society. 10. 205-236. 
 
Madigan, M.T., Martinko, J.M., and Parker, J. 1997. Brock Biology of 
Microorganisms. 8th Edition. Prentice Hall, New Jersey. 
 
Malin, M.C., and Edgett, K.S. 2000. Evidence for recent groundwater seepage and 
surface runoff on Mars. Science. 288. 2330-2335. 
 
Manning, C.V., McKay, C.P., and Zahnle, K.J. 2006. Thick and thin models of the 
evolution of carbon dioxide on Mars. Icarus. 180. 38-59. 
 
References 
269 
Marriott, S.B., and Wright, V.P. 1993. Palaeosols as indicators of geomorphic 
stability in two Old Red Sandstone alluvial suites, South Wales. Journal of the 
Geological Society, London. 150. 1109–20. 
 
Mars Space Flight Facility. No date. ASU Spectral Library. [Online]. Available from: 
http://speclib.asu.edu. [Accessed: Between January 2007 and June 2008]. 
 
Marti, K., Kim, J.S., Thakur, A.N., McCoy, T.J., Keil, K. 1995. Signatures of the 
Martian atmosphere in glass of the Zagami meteorite. Science. 267. 1981-1984. 
 
Mattox, K.R., and Stewart, K.D. 1984. Classification of the green algae: a concept 
based on comparative cytology. In Systematics of the Green Algae. Eds: Irvine, 
D.E.G., and John, D.M. London and Orlando. Systematics Association Special 
Volume #27, Academic Press. 29-72. 
 
McGetchin, T.R., and Smyth, J.R. 1978. The mantle of Mars: Some possible 
geological implications of its high density. Icarus. 34. 512-536. 
 
McKay, C.P. 1993. Relevance of Antarctic microbial ecosystems to exobiology. In 
Antarctic Microbiology. New York. Wiley-Less. 593-601. 
 
McKay, C.P., and Davis, W. 1991. Duration of liquid water habitats on early Mars. 
Icarus. 90. 214-221. 
 
McKay, C.P., Friedmann, E.I., Wharton, R.A., and Davies, W.L. 1992. History of 
Water on Mars: A biological perspective. Advances in Space Research. 12. 231-238. 
 
McKay, C.P., and Nedell, S.S. 1988. Are there carbonate deposits in Valles Marineris, 
Mars? Icarus. 73. 142-148. 
 
McKay, C.P., and Stroker, C.R. 1989. The Early Environment and its Evolution on 
Mars: Implications for Life. Reviews of Geophysics. 27. 189-214. 
 
McKay, D.S., Gibson, E.K., Thomas-Keprta, K.L., Vali, H., Romanek, C.S., Clemett, 
S.J., Chiller, X.D.F., Maechling, C.R., and Zare, R.N. 1996. Search for past life on 
Mars: Possible relic biogenic activity in martian meteorite ALH84001. Science. 273. 
924-930. 
 
McKinley, J.P., Stevens, T.O., and Westall, F. 2000. Microfossils and 
paleoenvironments in deep subsurface basalt samples. Geomicrobiology Journal. 17. 
43-54. 
 
McLaughlin, D. J., and McLaughlin, E.G. 2001. Volume preface. In The Mycota. 
VIIA. Systematics and Evolution, xi–xiv. Eds: McLaughlin, D.J., McLaughlin, E.G., 
and Lemke, P.E. Berlin. Springer- Verlag. 
 
McLoughlin, N., Brasier, M.D., Wacey, D., Green, O.R., and Perry, R.S. 2007. On 
Biogenicity Criteria for Endolithic Microborings on Early Earth and Beyond. 
Astrobiology. 7. 10-26. 
 
References 
270 
McSween, H.Y. 1994. What we have learned about Mars from SNC meteorites. 
Meteoritics. 29. 757-779. 
 
McSween, H.Y., and Keil, K. 2000. Mixing relationships in the Martian regolith and 
the composition of globally homogeneous dust. Geochimica et Cosmochimica Acta. 
64. 2155-2166. 
 
McSween, H.Y., 34 colleagues. 2004. Basaltic Rocks Analyzed by the Spirit Rover in 
Gusev Crater. Science. 305. 842-845. 
 
McSween, H.Y., 41 colleagues. 2006. Characterization and petrologic interpretation 
of olivine-rich basalts at Gusev Crater, Mars. Journal of Geophysical Research. 111. 
E02S10. 
 
Mège, D., and Masson, P. 1996. A plume tectonics model for the Tharsis province, 
Mars. Planetary and Space Science. 44. 1499-1546. 
 
Mellon, M.T., and Phillips, R.J. 2001. Recent gullies on Mars and the source of liquid 
water. Journal of Geophysical Research. 106. 23165-23180. 
 
Mendelson, C.V., and Schopf, J.W. 1992. Proterozoic and selected Early Cambrian 
microfossils and microfossil-like objects. In The Proterozoic Biosphere, A 
Multidisciplinary Study. Eds: Schopf, J.W., and Klein, C. New York. Cambridge 
University Press. 865-951. 
 
Meyer-Dombard, D.R., Shock, E.L., and Amend, J.P. 2005. Archaeal and bacterial 
communities in geochemically diverse hot springs of Yellowstone National Park, 
USA. Geobiology. 3. 211-227. 
 
Michalski, J.R., Kraft, M.D., Diedrich, T., Sharp, T.G., and Christensen, P. R. 2003. 
Thermal emission spectroscopy of the silica polymorphs and considerations for 
remote sensing of Mars. Geophysical Research Letters. 30. 19. 
 
Miller, S.L. 1953. A Production of Amino Acids Under Possible Primitive Earth 
Conditions. Science. 117. 528-529. 
 
Mitrofanov, I., Anfimov, D., Kozyrev, A., Litvak, M., Sanin, A., Tret'yakov, V., 
Krylov, A., Shvetsov, V., Boynton, W., Shinohara, C., Hamara, D., and Saunders, R. 
S. 2002. Maps of subsurface hydrogen from the high energy neutron detector, Mars 
Odyssey. Science. 297. 78-81. 
 
Mitrofanov, I. G., 11 colleagues. 2003. CO2 Snow Depth and Subsurface Water-Ice 
Abundance in the Northern Hemisphere of Mars. Science. 300. 2081-2084. 
 
Mizutani, K., Suto, H., and Maihara, T. 1994. 3. 3 micron emission feature in infrared 
galaxies. The Astrophysical Journal. 421. 475. 
 
Mojzsis, S.J., Arrhenius, G., McKeegan, K.D., Harrison, T.M., Nutman, A.P., and 
Friend, C.R.L. 1996. Evidence for life on Earth before 3,800 million years ago. 
Nature. 384. 55-59. 
References 
271 
 
Monty, C.L.V. 1991. Proceedings of the Ocean Drilling Program Scientific Results. 
114. 685-710. 
 
Morgan, J.V., and Warner, M.R. 1999. Chicxulub: The third dimension of a multi-
ring impact basin. Geology. 27. 407-410. 
 
Morgan, J.V., Christeson, G.L., and Zelt, C.A. 2002. Testing the resolution of a 3D 
velocity tomogram across the Chicxulub crater. Tectonophysics. 355. 215–226. 
 
Morgan, J.V., Warner, M.R., and the Chicxulub Working Group. 1997. Size and 
morphology of the Chicxulub impact crater. Nature. 390. 472–476. 
 
Morgan, J.V., Warner, M.R., Collins, G.S., Melosh, H.J., and Christeson, G.L. 2000. 
Peak ring formation in large impact craters: Geophysical constraints from Chicxulub. 
Earth and Planetary Science Letters. 183. 347–354. 
 
Morris, R.V., 19 colleagues. 2004. A first look at the mineralogy and geochemistry of 
the MER-B landing site in Meridiani Planum. Lunar and Planetary Science 
Conference XXXV. abstract 2179. 
 
Morse, J.W., and Marion, G.M. 1999. The role of carbonates in the evolution of early 
Martian oceans. American Journal of  Science. 299. 738–761. 
 
Mountain, B.W., Benning, L.G., and Boerema, J.A. 2003. Experimental studies on 
New Zealand hot spring sinters: rates of growth and textural development. Canadian 
Journal of Earth Sciences. 40. 1643-1667. 
 
Mumma, M.J. 1997. Organic volatiles in comets: their relation to interstellar ices and 
solar nebula material. In From stardust to planetesimals. Eds: Pendleton, Y., and 
Tielens, A. ASP Conference Series. 122. 369-396. 
 
Mustard, J.F. 2002. A wet and altered Mars. Nature. 417. 234-235. 
 
Mustard, J.F., Murchie, S.L., Pelkey, S.M., Ehlmann, B.L., Milliken, R.E., Grant, 
J.A., Bibring, J., Poulet, F., Bishop, J.L., Roach, L.E., Seelos, F., Arvidson, R.E., 
Swayze, G., Clark, R., Wiseman, S., and Humm, D. 2007. Occurrence and 
Stratigraphy of Phyllosilicate and Hydrated Silicate Minerals on Mars from OMEGA 
and CRISM. American Geophysical Union. Abstract P11E-03. 
 
Nairn, I.A. 2002. Geology of the Okataina Volcanic Centre. Institute of Geological 
and Nuclear Sciences Limited. Lower Hut, New Zealand. 156. 
 
NASA. No date. ASTER Spectral Library. [Online]. Available from: 
http://speclib.jpl.nasa.gov/. [Accessed: Between January and June 2008]. 
 
NASA/JPL/Cornell/USGS. 2004. Microscopic Imager: Sol 014. [Online]. Available 
from: http://marsrovers.jpl.nasa.gov/gallery/all/1/m/014/1M129426966EFF0300 
P2932M1M1.HTML. [Accessed 11 February 2008]. 
 
References 
272 
NASA/JPL/Malin Space Science Systems. 2006. Martian gullies with light tone 
deposits. [Online]. Available from: http://photojournal.jpl.nasa.gov/targetFamilyMars. 
[Accessed 11 February 2008]. 
 
Naumann, D. 2000. Infrared spectroscopy in microbiology. In Encyclopedia of 
Analytical Chemistry. Ed: Meyers, R.A. Chichester, UK. John Wiley and Sons, Ltd. 
102-131. 
 
Naumann, D., Helm, D., and Labischinski, H. 1991. Microbiological characterisations 
by FT-IR spectroscopy. Nature. 351. 81-82. 
 
Neckel, Th., and Staude, H.J. 1987. A new cometary nebula in Cygnus. Astrophysical 
Journal. 320. 145-148. 
 
Nelson, M.J., and Newsom, H.E. 2003. Impact hydrothermal alteration of terrestrial 
basalts: explaining the rock component of the Martian soil. Third International 
Conference on Large Meteorite Impacts. Lunar and Planetary Science Institute. 
Abstract 4099. 
 
Neukum, G., Jaumann, R., Hoffmann, H., Hauber, E., Head, J.W., Basilevsky, A.T., 
Ivanov, B.A., Werner, S.C., van Gasselt, S., Murray, J.B., McCord, T., and The Hrsc 
Co-Investigator Team. 2004. Recent and episodic volcanic and glacial activity on 
Mars revealed by the High Resolution Stereo Camera. Nature. 432. 971-979. 
 
Neukum, G. 2005. Water ice in crater at Martian north pole. [online] Available from: 
http://esamultimedia.esa.int/images/marsexpress/212-010705-1343-6-3d-01-
CraterIce.jpg. [Accessed 11 February 2008]. 
 
Neukum, G. 2006. Nanedi Valles system on Mars. [online] Available from: 
http://esamultimedia.esa.int/images/marsexpress/254co6_NanediValles02_H.jpg. 
[Accessed 11 February 2008]. 
 
Newsom, H.E. 1980. Hydrothermal alteration of impact melt sheets with implications 
for Mars. Icarus. 44. 207-216. 
 
Newsom, H.E., White, W.M., Jochum, K.P. and Hofmann, A.W. 1986. Siderophile 
and Chalcophile Element Abundances in Oceanic Basalts, Pb-Isotope Evolution and 
Growth of the Earths Core. Earth and Planetary Science Letters. 80. 299-313. 
 
Newsom, H.E., Brittelle, G.E., Hibbitts, C.A., Crossey, L.J., and Kudo, A.M. 1996. 
Impact crater lakes on Mars. Journal of Geophysical Research. 101. 14951-14955. 
 
Newsom, H.E., Nelson, M.J., Shearer, C.K., Rietmeijer, F.J.M., Gakin, R., and Lee, 
K. 2004. Major and trace element variations in impact crater clays from Chicxulub, 
Lonar, and Mistastin, implications for the Martian soil. Lunar and Planetary Science. 
XXXV. 1087. 
 
Nicholson, K. 1989. Early Devonian geothermal system in Northeast Scotland; 
exploration targets for epithermal gold. Geology. 17. 568-571. 
 
References 
273 
Nienow, J.A., Mckay, C.P., and Friedmann, E.I. 1988. The cryptoendolithic microbial 
environment in the Ross Desert of Antarctica: light in the photosynthetically active 
region. Microbial Ecology. 16. 271-289. 
 
Niles, P.B., Leshin, L.A., and Guan, Y. 2005. Microscale carbon isotope variability in 
ALH84001 carbonates and a discussion of possible formation environments. 
Geochimica et Cosmochimica Acta. 69. 2931-2944. 
 
Nyquist, L.E., Bogard, D.D., Shih, C.Y., Greshake, A., Stoffler, D., and Eugster, O. 
2001. Ages and geologic histories of the Martian meteorites. In Chronology and 
Evolution of Mars. Eds: Kallenbach, R., Geiss, J., and Hartmann, W.K. Space Science 
Reviews. 96. 105-164. 
 
Oehler, D.Z. 1976. Transmission electron microscopy of organic microfossils from 
the late Precambrian Bitter Springs Formation of Australia: Techniques and survey of 
preserved ultrastructure. Journal of Palaeontology. 50. 90-106. 
 
Oehler, D.Z., and Schopf, J.W. 1971. Carbon isotopic studies of organic matter in the 
oldest known sedimentary rocks. American Journal of Botany. 58.471. 
 
Ogawa, Y., Bibby, H.M., Caldwell, T.G., Takakura, S., Uchida, T., Matsushima, N., 
Bennie, S.L., Tosha, T., and Nishi, Y. 1999. Magnetotelluric image of the Taupo 
Volcanic Zone, New Zealand. Geophysical Research Letters. 26. 3673–3676. 
 
Ohnishi, I., and Tomeoka, K. 2007. Hydrothermal alteration experiments of enstatite: 
Implications for aqueous alteration of carbonaceous chondrites. Meteoritics and 
Planetary Science. 42. 49-61. 
 
Oró, J. 2000. Organic matter and the origin of life in the solar system. In Proceedings 
of Bioastronomy ’99, a New Era in Bioastronomy. Eds: Lemarchand, G.A., and 
Meech, K.J. 213. 285. 
 
Oró, J., Miller, S.L., and Lazcano, A. 1990. The origin and early evolution of life on 
Earth. Annual Review of Earth and Planetary Sciences. 18. 317-356. 
 
Osinski, G.R., Spray, J.G., and Lee, P. 2001. Impact-induced hydrothermal activity 
within the Haughton impact structure, Arctic Canada; Generation of a transient, 
warm, wet oasis. Meteoritics and Planetary Science. 36. 731–745. 
 
Pace, N.R. 2001. The universal nature of biochemistry. Proceedings of the National 
Academy of Science USA. 98. 805-808. 
 
Painter, P.C., Snyder, R.W., Starsinic, M., Coleman, M.M., Kuehn, D.W., and Davis, 
A. 1981. Concerning the application of FT-IR to the study of coal: A critical 
assessment of band assignments and the application of spectral analysis programs. 
Applied Spectroscopy. 35. 475-485. 
 
Pancost, R. D., Zhang, C. L. L., Tavacoli, J., Talbot, H. M., Farrimond, P., Schouten, 
S., Damste, J. S. S., and Sassen, R. 2005. Lipid biomarkers preserved in hydrate-
References 
274 
associated authigenic carbonate rocks of the Gulf of Mexico. Palaeogeography 
Palaeoclimatology Palaeoecology. 227. 48-66. 
 
Parker, K.J. 1983. Ultrasonic attenuation and absorption in liver tissue. Journal of 
Ultrasound in Medicine. 9. 363-369. 
 
Parnell, J., Bowden, S.A., Osinski, G.R., Lee, P., Green, P., Taylor, C., and Baron, 
M. 2007. Organic geochemistry of impactites from the Haughton impact structure, 
Devon island, Nunavut, Canada. Geochimica et Cosmochimica Acta. 71. 1800-1819. 
 
Pasvanoglu, S., Kristmannsdóttir, H., Björnsson, S., and Torfason, H. 2000. 
Geochemical study of the Geysir Geothermal Field in Haukadalur, S-Iceland. World 
Geothermal Congress 2000. 675-680. 
 
Patrick, R.A.D., and Polya, D.A. 1993. The Mineralisation and Tectonic Evolution of 
the British Isles. In Mineralisation in the British Isles. Eds: Patrick, R.A.D., and 
Polya, D.A. Chapman and Hall. 1-37. 
 
Pearl, J.C., Smith, M.D., Conrath, B.J., Bandfield, J.L., and Christensen, P.R. 2001. 
Observations of Martian ice clouds by the Mars Global Surveryor Thermal Emission 
Spectrometer: The first Martian year. Journal of Geophysical Research. 106. 12325-
12338. 
 
Peckmann, J., Bach, W., Behrens, K., Reitner, J. 2008. Putative cryptoendolithic life 
in Devonian pillow basalt, Rheinisches Schiefergebirge, Germany. Geobiology. 6. 
125-135. 
 
Pelczar, M.J. jr., Chan, E.C.S., and Krieg, N.R. 1993. Microbiology: Concepts and 
Applications. New York. McGraw-Hill, Inc. 
 
Pendleton, Y.J. 1997. Organics in the Diffuse Interstellar Medium. Origins of Life and 
Evolution of the Biosphere. 27. 53. 
 
Pendleton, Y.J., Sandford, S.A., Allamandola, L.J., Tielens, A.G.G.M., and Sellgren, 
K. 1994.  Near-infrared absorption spectroscopy of interstellar hydrocarbon grains. 
The Astrophysical Journal. 437. 683-696. 
  
Pentecost, A. 1996. High temperature ecosystems and their chemical interactions with 
their environment. In Evolution of hydrothermal ecosystems on Earth (and Mars?). 
Eds. Bock, G. R. and Goode, J. A. The Ciba Foundation Symposium 202. Wiley, 
Chichester. 99-111. 
  
Pevzner, L.A., Kirjakov, A.F., Vorontsov, A.K., Masaitis, V.L., Mashchak, M.S., and 
Ivanov, B.A. 1992. Vorotilovskaya drillhole; First deep drilling in the central uplift of 
large terrestrial impact crater. In Abstracts of papers submitted to the Twenty-third 
Lunar and Planetary Science Conference. Houston: Lunar and Planetary Science 
Conference. 1063–1064. 
 
Pflug, H.D. and Jaescke-Boyer, H. 1979. Combined structural and chemical analysis 
of 3,800-Myr-old microfossils. Nature. 280. 483-486. 
References 
275 
 
Pinnavaia, T.J. 1983. Intercalated Clay Catalysts. Science. 220. 365-371. 
 
Pirajno, F., and Van Kranendonk, M.J. 2005. Review of hydrothermal processes and 
systems on Earth and implications for Martian analogues. Australian Journal of Earth 
Science. 52. 329-351. 
 
Pollack, J. B., Kasting, K. F., Richardson, S. M. and Poliakoff, K. 1987. The case for 
a wet, warm climate on early Mars. Icarus. 71. 203-224. 
 
Pope, K.O., Ocampo, A.C,. and Duller, C.E. 1993. Surficial geology of the Chicxulub 
impact crater, Yucatan, Mexico. Earth Moon Planets. 63. 93–104. 
 
Pope, K.O., Ocampo, A.C., Kinsland, G.L., and Smith, R. 1996. Surface expression of 
the Chicxulub crater. Geology. 24. 527–530. 
 
Powers, R.M. 1980. Planetary Encounters. Sidgwick and Jackson Limited. Guildford 
Surrey. 368. 
 
Purdy, K.J., Embley, T.M., Takii, S., and Nedwell, D.B. 1996. Rapid extraction of 
DNA and rRNA from sediments by a novel hydroxyapatite spin column method. 
Applied and environmental microbiology. 62. 3905-3907. 
 
Rathbun ,J.A., and Squyres, S.W. 2002. Hydrothermal systems associated with 
Martian impact craters. Icarus. 157. 362–372. 
 
Rawlings, M.G., Adamson, A.J., and Whittet, D.C.B. 2003. Infrared and visual 
interstellar absorption features towards heavily reddened field stars. Monthly Notices 
of the Royal Astronomical Society. 341. 1121-1140. 
 
Ray, M.K., Kumar, G.S., Janiyani, K., Kannan, K., Jagtap, P., Basu, M.K., and 
Shivaji, S. 1998. Adaptation to low temperature and regulation of gene expression in 
Antarctic psychrotrophic bacteria. Journal of Biosciences. 23. 423-435. 
 
Remy, W., Gensel, P.G., and Hass, H. 1993. The gametophyte generation of some 
Early Devonian Land Plants. International Journal of Plant Science. 154. 35-58.  
 
Remy, W., and Hass, H. 1996. New information on gametophytes and sporophytes of 
Aglaophyton major and inferences about possible environmental adaptations. Review 
of Palaeobotany and Palynology. 90. 175-193.  
 
Remy, W., and Remy, W. 1980. Devonian gametophytes with anatomically preserved 
gametangia. Science. 208. 295-296. 
 
Renaut, R.W. and Jones, B. 2000. Microbial precipitates around continental hot 
springs and geysers. In Microbial Sediments. Springer-Verlag, Berlin. 187-195. 
 
Renaut, R.W., and Jones, B. 2003. Sedimentology of hot spring systems. Canadian 
Journal of Earth Sciences. 40. 1439-1442. 
 
References 
276 
Renaut, R.W., Jones, B., and Le Turdu, C. 1999. Calcite lilypads and ledges at 
Lorusio Hot Springs, Kenya Rift Valley: travertine precipitation at the air-water 
interface. Canadian Journal of Earth Science. 36. 649-666. 
 
Reysenbach, A.L., and Shock, E. 2002. Merging genomes with geochemistry in 
hydrothermal ecosystems. Science. 296. 1077-1082. 
 
Rice, C.M., Ashcroft, W.A., Batten, D.J., Boyce, A.J., Caulfield, J.B.D., Fallick, A.E., 
Hole, M.J., Jones, E., Pearson, M.J., Rogers, G., Saxton, J.M., Stuart, F.M., Trewin, 
N.H., and Turner, G. 1995. A Devonian auriferous hot spring system, Rhynie, 
Scotland. Journal of the Geological Society. 152. 229-250. 
 
Rice, C.M., Trewin, N.H., and Anderson, L.I. 2002. Geological setting of the Early 
Devonian Rhynie cherts, Aberdeenshire, Scotland: an early terrestrial hot spring 
system. Journal of the Geological Society, London. 159. 203-214. 
 
Rieder, R., Gellert, R., Brückner, J., Klingelhöfer, G., Dreibus, G., Yen, A., and 
Squyres, S.W. 2003. The new Athena alpha particle X-ray spectrometer for the Mars 
Exploration Rovers. Journal of Geophysical Research. 108. 8066. 
 
Rieder, R., 14 colleagues. 2004. Chemistry of rocks and soils at Meridiani Planum 
from the alpha particle X-ray spectrometer. Science. 306. 1746-1749. 
 
Rietmeijer, F.J.M. 2002. The earliest chemical dust evolution in the solar nebula. 
Chemie der Erde-Geochemistry. 62. 1-45. 
 
Rietmeijer, F.J.M., Nuth III, J.A., Jablonska, M., and Karner, J. M. 2000. Metastable 
eutectic Equilibrium in Natural Environments: Recent Developments and Research 
Opportunities. Research Trends in Geochemistry. 1. 29-51. 
 
Rimstidt, J.D., and Cole, D.R. 1983. Geothermal mineralisation I: the mechanism of 
formation of the Beowawe, Nevada, siliceous sinter deposit. American Journal of 
Science. 283. 861-875. 
 
Robbins, E.I., and Iberall, A.S. 1991. Mineral remains of early life on Earth; on Mars? 
Geomicrobiology Journal. 9. 51-66. 
 
Rodgers, K.A., 13 colleagues. 2004. Silica phases in sinters and residues from 
geothermal fields of New Zealand. Earth-Science Reviews. 66. 1-61. 
 
Rontó, G., Bérces, A., Lammer, H., Cockell, C.S., Molina-Cuberos, G.J., Patel, M.R., 
and Selsis, F. 2003. Solar UV Irradiation conditions on the surface of Mars. 
Photochemistry and Photobiology. 77. 1, 34-40. 
 
Rosing, M.T. 1999. C-13-depleted carbon microparticles in >3700-Ma sea-floor 
sedimentary rocks from west Greenland. Science. 283. 674-676. 
 
Rost, D., Vicenzi, E.P., and Pauli, E. 2005. Halite, sulfate, and clay assemblages in 
the Nakhla martian meteorite. Lunar Planetary Science XXXVI. #2306 (CD-ROM). 
 
References 
277 
Rothschild, L.J. 1990. Earth analogs for Martian life.  Microbes in evaporites, a new 
model system for life on Mars. Icarus. 88. 246-260. 
 
Ruming, Z., Yi, L., Zhixiong, X., Ping, S., and Sonsheng, Q. 2002. Microcalorimetric 
study of the action of Ce(III) ions on the growth of E.coli. Biological Trace Element 
Research. 86. 167-175. 
 
Russell, M.J. and Hall, A.J. 1997. The emergence of life from iron monosulphide 
bubbles at a submarine hydrothermal redox and pH front. Journal of the Geological 
Society of London. 154. 377-402.  
 
Šafanda, J., Heidinger, P., Wilhelm, H., and Čermák, V. 2007. Post-drilling 
destabilization of temperature profile in borehole Yaxcopoil-1, Mexico. 
Hydrogeology Journal. 15. 423-428. 
 
Salisbury, J.W., Walter, L.S., Vergo, N., and D’Aria, D.M. 1991. Infrared (2.1-25 
μm) Spectra of Minerals. The Johns Hopkins University press. Baltimore, USA. 
 
Sandford, S.A., Allamandola, L.J., Tielens, A.G.G.M., Sellgren, K., Tapia, M., and 
Pendleton, Y. 1991. The interstellar stretching band near 3.4 m: Constraints on the 
composition of organic material in the diffuse interstellar medium. The Astrophysical 
Journal. 371. 607-620. 
 
Santelli, C.M., Edgcomb, V., Bach, W., and Edwards, K. 2005. Bacterial Diversity of 
Young Seafloor Basalts: A Potential Role for Microorganisms in Ocean Crust 
Weathering. American Geophysical Union. Abstract T33A-0525. 
 
Satyanarayana, T., Raghukumar, C., and Shivaji, S. 2005. Extremophilic microbes: 
Diversity and perspectives. Current Science. 89. 78-90. 
 
Saxton, J.M., Lyon, I.C., and Turner, G. 1998. Correlated chemical and isotopic 
zoning in carbonates in the martian meteorite ALH84001. Earth and Planetary 
Science Letters. 160. 811-822. 
 
Sayer, J.A., and Gadd, G.M. 1997. Solubilization and transformation of insoluble 
inorganic metal compounds to insoluble metal oxalates by Aspergillus niger. 
Mycological Research. 101. 653-661. 
 
Sayer, J.A., Kierans, M., and Gadd, G.M. 1997. Solubilization of some naturally 
occurring metal-bearing minerals, limescale and lead phosphate by Aspergillus niger. 
FEMS Microbiology Letters. 154. 29-35. 
 
Scalan, R.S., and Smith, J.E. 1970. An improved measure of the odd-even 
predominance in the normal alkanes of sediment extracts and petroleum. Geochimica 
et Cosmochimica Acta. 34. 611-620. 
 
Schenau, S.J., Prins, M.A., DeLange, G.J., and Monnin, C. 2001. Barium 
accumulation in the Arabian Sea: Controls on barite preservation in marine sediments. 
Geochimica et Cosmochimica Acta. 65. 1545–1556. 
 
References 
278 
Schidlowski M. 1982. Content and isotopic composition of reduced carbon in 
sediments. In Mineral Deposits and the Evolution of the Biosphere. Eds: Holland, 
H.D., and Schidlowski, M. Berlin. Springer-Verlag. 103-122.  
 
Schidlowski, M. 1988. A 3,800-million-year isotopic record of life from carbon in 
sedimentary rocks. Nature. 333. 313-318. 
 
Schopf, J.W. 1970. Precambrian micro-organisms and evolutionary events prior to the 
origin of vascular plants. Biological Reviews. 45. 319-352. 
 
Schopf, J.W. 1993. Microfossils of the early Archean Apex chert: new evidence of the 
antiquity of life. Science. 260. 630-646. 
 
Schopf, J.W. 2004. Earth's earliest biosphere: status of the hunt. In The Precambrian 
Earth: Tempos and Events. Eds: Eriksson, P.G., Altermann, W., Nelson, D.W., 
Mueller, W.U., and Catuneanu, O. New York. Elsevier. 516-539. 
 
Schopf, J.W., Kudryavtsev, A.B., Agresti, D.G., Wdowiak, T.J., and Czaja, A.D. 
2002. Laser-Raman imagery of Earth's earliest fossils. Nature. 416. 73-76. 
 
Schopf, J.W., Kudryavtsev, A.B., Agresti, D.G., Czaja, A.D., and Wdowiak, T.J. 
2005. Raman imagery: a new approach to assess the geochemical maturity and 
biogenicity of permineralized Precambrian fossils. Astrobiology. 5. 333-371. 
 
Schopf, J.W., Kudryavtsev, A.B., Czaja, A.D., and Tripathi, A.B. 2007. Evidence of 
Archean life: Stromatolites and microfossils. Precambrian Research. 158. 141-155. 
 
Schopf, J.W., and Walter, M.R. 1983. Archean microfossils: New evidence of ancient 
microbes. In Earth’s Earliest Biosphere, Its Origins and Evolution. Ed: Schopf, J.W. 
New Jersey. Princeton University Press. 214-239. 
 
Schramm, L.S., Brownlee, D.E., and Wheelock, M.M. 1989. Major element 
compositions of stratospheric micrometeorites. Meteoritics. 24. 99-112. 
 
Schubert, G., Russell, C.T., and Moore, W.B. 2000. Timing of the Martian dynamo. 
Nature. 408. 666-667. 
 
Schubert, G., Soloman, S.C., Turcotte, D.L., Drake, M.J., and Sleep, N.H. 1992. 
Origin and thermal evolution of Mars. In Mars. Eds: Kieffer, H.H., Jakosky, B.M., 
Snyder, C.W., and Matthews, M.S. Tucson, Arizona. University of Arizona Press. 
147-183. 
 
Schultz, C., and Naumann, D. 1991. Invivo study of the state of order of the 
membranes of gram-negative bacteria by Fourier-Transform Infrared-Spectroscopy 
(FT-IR). FEBS Letters. 294. 43-46. 
 
Schulze-Makuch, D., and Irwin, L.N. 2004. Life in the Universe. Expectations and 
Constraints. Springer-Verlag. 
 
References 
279 
Schulze-Makuch, D., Irwin, L.N., Lipps, J.H., LeMone, D., Dohm, J.M., and Fairén, 
A.G. 2005. Scenarios for the evolution of life on Mars. Special Edition on Early Mars. 
Journal of Geophysical Research – Planets. 110. E12S23. 
 
Schulze-Makuch, D., Dohm, J.M., Fairén, A.G., Baker, V.R., Fink, W., and Strom, 
R.G. 2005. Venus, Mars, and the ices on Mercury and the Moon: astrobiological 
implications and proposed mission designs. Astrobiology.  5. 778-795.  
 
Schulze-Makuch, D., 12 colleagues. 2007. The Biological Oxidant and Life Detection 
(BOLD) Mission: An outline for a new mission to Mars - art. no. 66940O. In 
Intruments, Methods, and Missions for Astrobiology X. Eds: Hoover, R.B., Levin, 
G.V., Rozanov, A.Y., and Davies, P.C.W. Proceedings of the Society of Photo-
Optical Instrumentation Engineers (Spie). 6694. 6940. 
 
Schuraytz, B.C., Sharpton, V.L., and Marin, L.E. 1994. Petrology of impact-melt 
rocks at the Chicxulub multiring basin, Yucatán, Mexico. Geology. 22. 868–872. 
 
Scott, D.H., and Tanaka, K.L. 1986. Geologic map of the western equatorial region of 
Mars. USGS Misc. Inv. Ser. Map I-1802-A (scale 1:15,000,000) 
 
Scourfield, D.J. 1926. On a new type of crustacean from the old Red Sandstone 
(Rhynie chert Bed, Aberdeenshire) - Lepidocaris rhyniensis, gen. et sp. nov. 
Philosophical Transactions of the Royal Society, London (Series B). 214. 153-187. 
 
Senko, J.M., Campbell, B.S., Henriksen, J.R., Elshahed, M.S., Dewers, T.A., and 
Krumholz, L.R. 2004. Barite deposition resulting from phototrophic sulfide oxidizing 
bacterial activity. Geochimica et Cosmochimica Acta. 68. 773-780. 
 
Sephton, M.A. 2005. Organic matter in carbonaceous meteorites: past, present and 
future research. Philosophical Transactions of the Royal Society. 363. 2729-2742. 
 
Seyfried, W.E. Jr., and Mottl, M.J. 1982. Hydrothermal alteration of basalt by 
seawater under seawater-dominated conditions. Geochimica et Cosmochimica Acta. 
46. 985-1002. 
 
Sharpton, V.L., Burke, K., Camargo-Z., A., Hall, S.A., Lee, S., Marin, L.E., Suarez-
R.G., Quezada-M, J.M., Spudis, P.D., and Urrutia-F, J. 1993. Chicxulub multi ring 
impact basin: Size and other characteristics derived from gravity analysis. Science. 
261. 1564–1567. 
 
Sharpton, V.L., Burke, K., Camargo-Z., A., Hall, S.A., Lee, S., Marin, L.E., Suarez-
R.G., Quezada-M, J.M., Spudis, P.D., and Urrutia-F, J. 1993. Terrestrial Impact 
Craters. [Online]. Available from: http://www.lpi.usra.edu/publications/slidesets/ 
craters/index.shtml. [Accessed: 11 March 2008]. 
 
Sharpton, V.L., Marin, L.E., Carney, C., Lee, S., Ryder, G., Schuraytz, B.C., Sikora, 
P., and Spudis, P.S. 1996. A model for the Chicxulub impact basin based on 
evaluation of geophysical data, well logs and drill core samples. In The Cretaceous-
Tertiary event and other catastrophes in earth history. Eds: Ryder, G., Fastovsky, D., 
and Gartner, S. Boulder, Colorado. Geological Society of America Special Paper 307. 
References 
280 
 
Shen, Y., Buick, R., and Canfield, D.E. 2001. Isotopic evidence for microbial sulphate 
reduction in the early Archaean era. Nature. 410. 77-81. 
 
Schidlowski, M. 1988. A 3,800-million-year isotopic record of life from carbon in 
sedimentary rocks. Nature. 333. 313-318. 
 
Shivaji, S., and Ray, M.K. 1995. Survival strategies of psychrophilic bacteria and 
yeasts of Antarctica. Indian Journal of Microbiology. 35. 263-281. 
 
Shock, E.L. 1990. Geochemical constraints on the origin of organic compounds in 
hydrothermal systems. Origins of Life and Evolution of the Biosphere. 20. 331-367. 
 
Shock, E.L. 1996. Hydrothermal systems as environments for the emergence of life. 
In Evolution of Hydrothermal Ecosystems on Earth. 202. 40-60 
 
Shock, E.L., and Schulte, M.D. 1998. Organic synthesis during fluid mixing in 
hydrothermal systems. Journal of Geophysical Research. 103. 28513-28527. 
 
Simoneit, B.R.T. 1993. Aqueous high-temperature and high-pressure organic 
geochemistry of hydrothermal vent systems, Geochimica et Cosmochimica Acta. 57. 
3231–3243. 
 
Sluiman, H.J. 1985. A cladistic evaluation of the lower and higher green plants 
(Viridiplantae). Plant Systematics and Evolution. 149. 217–232. 
 
Smith, D.K. 1998. Opal, cristobalite, and tridymite: noncrystallinity versus 
crystallinity, nomenclature of the silica minerals and bibliography. Powder 
Diffraction. 13. 2-19. 
 
Smith, H.D., and McKay, C.P. 2005. Drilling in ancient permafrost on Mars for 
evidence of a second genesis of life. Planetary and Space Science. 53. 1302-1308. 
 
Smith, M.D., Pearl, J.C., Conrath, B.J., and Christensen, P.R. 2000a. Mars Global 
Surveyor Thermal Emission Spectrometer (TES) observations of dust opacity during 
aerobraking and science phasing. Journal of Geophysical Research. 105. 9539-9552. 
 
Smith, M.D., Bandfield, J.L., and Christensen, P.R. 2000b. Separation of atmospheric 
and surface spectral features in Mars Global Surveyor Thermal Emission 
Spectrometer (TES) spectra. Journal of Geophysical Research. 105. 9589-9608. 
 
Smith, R.J. 1995. Calcium and bacteria. Advances in Microbial Physiology. 37. 83-
133. 
 
Sobolev, A.V., 19 colleagues. 2007. The Amount of Recycled Crust in Sources of 
Mantle-Derived Melts. Science. 316. 412-417. 
 
Socrates, G. 2001. Infrared and Raman characteristic group frequencies. Wiley. 50–67 
and 333–338. 
 
References 
281 
Soffen, G.A. 1976. Scientific results of the Viking missions. Science. 194. 1274-1276. 
 
Soffen, G.A. 1999. Astrobiology. Advances in Space Research. 23. 283-288. 
 
Spear, J.R., Walker, J.J., McCollom, T.M., and Pace, N.R. 2005. Hydrogen and 
bioenergetics in the Yellowstone geothermal ecosystem. Proceedings of the National 
Academy of Sciences. 102. 2555-2560. 
 
Spirakis, C.S. 1991. The possible role of thiosulfate in the precipitation of 34S-rich 
barite in some Mississippi Valley-type deposits. Mineralium Deposita. 26. 60–65. 
 
Spohn, T., and Schubert, G. 2003. Oceans in the icy galilean satellites of Jupiter? 
Icarus. 161. 456–467. 
 
Spoon, H.W.W., Moorwood, A.F.M., Pontoppidan, K.M., Cami, J., Kregel, M., Lutz, 
D., and Tielens, A.G.G.M. 2003.   Detection of strongly processed ice in the central 
starburst of NGC4945. Astronomy and Astrophysics. 402. 499. 
  
Squyres, S.W., Wilhelms, D.E., and Moosman, A.C. 1987. Large-scale volcano-ice 
interactions on Mars. Science. 231. 249-252. 
 
Squyres, S.W., and Kasting, J.F. 1994. Early Mars: how warm and how wet?. Science. 
265. 744-749. 
 
Squyres, S.W., 11 colleagues. 2003. Athena Mars rover science investigation. Journal 
of Geophysical Research. 108. 8062. 
 
Squyres, S.W., 49 colleagues. 2004a. The Spirit Rover’s Athena Science Investigation 
at Gusev Crater, Mars. Science. 305. 794-799. 
 
Squyres, S.W., 18 colleagues. 2004b. In Situ Evidence for an Ancient Aqueous 
Environment at Meridiani Planum, Mars. Science. 306. 1709-1714. 
 
Squyres, S.W., 15 colleagues. 2006. Rocks of the Columbia Hills. Journal of 
Geophysical Research. 111. E02S11. 
 
Squyres, S.W., 26 colleagues. 2007. Pyroclastic Activity at Home Plate in Gusev 
Crater, Mars. Science. 316. 738-742. 
 
Squyres, S.W., 17 colleagues. 2008. Detection of Silica-rich Deposits on Mars. 
Science. 320. 1063-1067. 
 
Stetter, K.O. 1996. Hyperthermophiles in the history of life. In Evolution of 
Hydrothermal Systems on Earth (and Mars). Eds: Bock, G.R., and Goode, J.A. Ciba 
Foundation Symposia Series. 1-10. 
 
Stetter, K.O. 2006. Hyperthermopiles in the history of life. Philosophical 
Transactions of the Royal Society B. 361. 1837–1843. 
 
References 
282 
Stetter, K.O., Fiala, G., Huber, G., Huber, R., and Segerer, A. 1990. 
Hyperthermophilic microorganisms. FEMS Microbiology Reviews. 75. 117-124. 
 
Stevens, T.O., and McKinley, J.P. 1995. Lithoautotrophic microbial ecosystems in 
deep basalt aquifers. Science. 270. 450-454. 
 
Stevens, T.O., and McKinley, J.P. 2000. Abiotic controls on H2 production from 
basalt-water reactions and implications for aquifer biogeochemistry. Environmental 
Science and Technology. 34. 826-831. 
 
Stewart, M., Strachan, R.A., and Holdsworth, R.E. 1999. Structure and early 
kinematic history of the Great Glen Fault Zone, Scotland. Tectonics. 18. 326-342. 
 
Stinnesbeck, W., Keller, G., Adatte, T., Harting, M., Stuben, D., Istrate, G., and 
Kramar, U. 2004. Yaxcopoil-1 and the Chicxulub impact. International Journal of 
Earth Sciences (Geol. Rundsch.). 93. 1042-1065. 
 
Stöffler, D., Artemieva, N.A., Ivanov, B.A., Hecht, L., Kenkmann, T., Schmitt, R.T., 
Tagle, R.A., and Wittmann, A. 2004. Origin and emplacement of the impact 
formations at Chicxulub, Mexico, as revealed by the ICDP deep drilling at Yaxcopoil-
1 and by numerical modeling. Meteoritics and Planetary Science. 39. 1019-1247. 
 
Stöffler, D., Hecht, L., Kenkmann, T., Schmitt, R.T., and Wittmann, A. 2003. 
Properties, classification, and genetic interpretation of the allochthonous impact 
formations of the ICDP Chicxulub drill core Yax-1. 34th Lunar and Planetary Science 
Conference. 1553. 
 
Stone, A.T. 1997. Reactions of extracellular organic ligands with dissolved metal ions 
and mineral surfaces. In Geomicrobiology: Interactions between Microbes and 
Minerals. Eds: Banfield, J.F., and Nealson, K.H. Washington DC. Mineralogical 
Society of America. 35. 308-344. 
 
Strom, R.G., Croft, S.K., and Barlow, N.G. 1992. The Cratering Record on Mars. In 
Mars. Eds: Kieffer, H.H., Jakosky, B.M., Snyder, C.W., and Matthews, M.S. Tucson. 
University of Arizona press. 383-423. 
 
Strom, R.G., Malhotra, R., Ito, T., Yoshida, F., and Kring, D.A. 2005. The origin of 
planetary impactors in the inner solar system. Science. 309. 1847-1850. 
 
Stroobants, N., Dehairs, F., Goeyens, L., Vanderheijden, N., and Van Grieken, R. 
1991. Barite formation in the Southern Ocean water column. Marine Chemistry. 35. 
411–421. 
 
Swindle, T.D., Treiman, A.H., Lindstrom, D.J., Burkland, M.K., Cohen, B.A., Grier, 
J.A., Li, B., and Olson,. E.K. 2000. Noble gases in iddingsite from the Lafayette 
Meteorite: Evidence for liquid water on Mars in the last few hundred million years. 
Meteoritics and Planetary Science. 35. 107-115. 
 
Swisher, C.C., Grajales-Nishimura, J.M., Montanari, A., Margolis, S.V., Claeys, P., 
Alvarez, W., Renne, P., Cedillo-Pardo, E., Maurasse, F.J-M., Curtis, G.H., Smit, J., 
References 
283 
and Williams, M.O. 1992. Coeval 40Ar/39Ar ages of 65.0 million years ago from 
Chicxulub crater melt rock and Cretaceous-Tertiary boundary tektites. Science. 257. 
954-958. 
 
Tamm, L.K., and Tatulian, S.A. 1997. Infrared spectroscopy of proteins and peptides 
in lipid bilayers. Quarterly Reviews of Biophysics. Cambridge University Press. 30. 
365-429. 
 
Tanaka, K.L. 1986. The stratigraphy of Mars. Journal of Geophysical Research. 91. 
139–158. 
 
Taylor, T.N., Hass, H., and Kerp, H. 1997. A cyanolichen from the Lower Devonian 
Rhynie chert. American Journal of Botany. 84. 992-1004. 
 
Taylor, T. N., Hass, H., Krings, M., Klavins, S. D., and Kerp, H. 2004. Fungi in the 
Rhynie chert: a view from the dark side. Transactions of the Royal Society of 
Edinburgh: Earth Sciences. 94. 457-473. 
 
Taylor, T.N., Hass, H., and Remy, W. 1992. Devonian fungi: interactions with the 
green alga Palaeonitella. Mycologia. 84. 901-910.  
 
Taylor, T.N., Hass, H., Remy, W., and Kerp, H. 1995. The oldest fossil lichen. 
Nature. 378. 244.  
  
Taylor, T.N., and Krings, M. 2005. Fossil microorganisms and land plants: 
Associations and interactions. Symbiosis. 40. 119-135. 
 
Taylor, T.N., Remy, W., and Hass, H. 1992. Fungi from the Lower Devonian Rhynie 
chert: Chytridiomycetes. American Journal of Botany. 79. 1233-1241.  
 
Taylor, T.N., Remy, W., Hass, H., and Kerp, H. 1995. Fossil arbuscular mycorrhizae 
from the Early Devonian. Mycologia. 87. 560-573. 
 
Ten Kate, I.L., Ruiterkamp, R., Botta, O., Lehmann, B., Gomez Hernandez, C., 
Boudin, N., Foing, B. H., and Ehrenfreund, P. 2003. Investigating complex organic 
compounds in a simulated Mars environment. International Journal of Astrobiology. 
1. 387-399. 
 
Theng, B.K.G. 1974. The Chemistry of Clay–Organic Reactions. Adam Hilger, 
London. 343. 
 
Therriault, A.M., Fowler, A.D., and Grieve, R.A.F. 1999. The Sudbury igneous 
complex; Mineralogy and petrology of a differentiated impact melt sheet. 30th Lunar 
and Planetary Science Conference. (abstract #1801). 
 
Thomas, K.L., Blanford, G.E., Keller, L.P., Klöck, W., and McKay, D.S. 1993. 
Carbon abundance and silicate mineralogy of anhydrous interplanetary dust particles. 
Geochimica et Cosmochimica Acta. 57. 1551-1566. 
 
References 
284 
Thompson, M., and Walsh, J.N. 1983. A Handbook of Inductively Coupled Plasma 
Spectrometry. London. Blackie and Son Limited. 
 
Thorarinsson, S. 1949a. Some tephrachronological contributions to the volcanology 
and glaciology of Iceland. Geografiska Annaler Series. 31. 239-256. 
 
Thordarson, T., and Hoskuldsson, A. 2002. Iceland. Classic geology in Europe 3. 
Terra Publishing, Hertfordshire, England. 
 
Thorseth, I.H., Furnes, H., and Heldal, M. 1992. The importance of microbiological 
activity in the alteration of natural basaltic glass. Geochimica et Cosmochimica Acta. 
56. 845–850. 
 
Thorseth, I.H., Torsvik, T., Torsvik, V., Daae, F.L., Pedersen, R.B., and Keldysh-98 
Scientific party. 2001. Diversity of life in ocean floor basalts. Earth and Planetary 
Science Letters. 194. 31–37. 
 
Tobie, G., Mocquet, A., and Sotin, C. 2005a. Tidal dissipation within large icy 
satellites: applications to Europa and Titan. Icarus. 177. 534–549. 
 
Toeniskoetter, S., Dommer, J., and Dodge, T. 2008. The Biochemical Periodic Table. 
[Online]. Available from: http://umbbd.msi.umn.edu/periodic. [Accessed: 10 May 
2008]. 
 
Toporski, J. 2001. The preservation and detection of morphological and molecular 
bacterial biomarkers and their implications for astrobiological research. Ph.D. Thesis. 
University of Portsmouth, Portsmouth, UK. 
 
Torsvik, T., Daae, F.L., Sandaa, R.A., and Øvreås, L. 1998. Novel techniques for 
analysing microbial diversity in natural and perturbed environments. Journal of 
Biotechnology. 64. 53–62. 
 
Tortora, G.J., Funke, B.R. and Case, C.L. 1997. Microbiology – an introduction. Sixth 
Edition. Addison-Wesley. New York. 
 
Tortora, G.J., Funke, B.R., and Case, C.L. 2001. Microbiology: An Introduction. 
Benjamin Cummings, an imprint of Addison Wesley Longman, Inc, New York. 
 
Treagus, J.E., Patrick, R.A.D., and Curtis, S.F. 1999. Movement and mineralization in 
the Tyndrum Fault Zone, Scotland, and its regional significance. Journal of the 
Geological Society, London. 156. 591-604. 
 
Treiman, A.H. 1993. Preterrestrial aqueous alteration of the Lafayette (SNC) 
meteorite. Meteoritics and Planetary Science. 28. 86-97. 
 
Trewin, N.H. 1994. Depositional environment and preservation of biota in the Lower 
Devonian hot-springs of Rhynie, Aberdeenshire, Scotland. Transactions of the Royal 
Society of Edinburgh: Earth Sciences. 84. 433-442.  
 
References 
285 
Trewin, N.H. 1996. The Rhynie cherts: an early Devonian ecosystem preserved by 
hydrothermal activity. In Evolution of hydrothermal ecosystems on Earth (and 
Mars?). Eds: Brock, G.R., and Goode, J.A. Ciba Foundation Symposium 202. 
Chichester. Wiley. 131-149. 
 
Trewin, N.H. 2001. The Rhynie Chert. In Palaeobiology II. Eds: Briggs, D.E.G., and 
Crowther, P.R. London. Blackwell Scientific. 342-346. 
 
Trewin, N.H. 2004. History of research on the geology and palaeontology of the 
Rhynie area, Aberdeenshire, Scotland. Transactions of the Royal Society of 
Edinburgh: Earth Sciences. 94. 285-297. 
Trewin, N.H., and Rice, C.M. 1992. Stratigraphy and sedimentology of the Devonian 
Rhynie chert locality. Scottish Journal of Geology. 28. 37-47. 
Trewin, N.H., and Wilson, E. 2004. Correlation of the Early Devonian Rhynie chert 
beds between three boreholes at Rhynie, Aberdeenshire, Scotland. Scottish Journal of 
Geology. 40. 73-81. 
University of Aberdeen. No date. Chlorophytes. [Online]. Available from: 
http://www.abdn.ac.uk/rhynie/chloro.htm. [Accessed: 20 February 2008]. 
University of California Museum of Palaeontology (UCMP). No date. Rhynie Chert, 
Scotland. [Online]. Available from: 
http://www.ucmp.berkeley.edu/devonian/rhynie.html. [Accessed: 20 February 2008].  
Utzmann, A., Hansteen, T.H., Schmincke, H.-U. 2002. Trace element mobility during 
sub-seafloor alteration of basaltic glass from Ocean Drilling Program site 953 (off 
Gran Canaria). International Journal of Earth Science. 91. 661–679. 
Valley, J.W., Eiler, J.M., Graham, C.M., Gibson, E.K., Romanek, C.S., and Stolper, 
E.M. 1997. Low-temperature carbonate concretions in the martian meteorite 
ALH84001: Evidence from stable isotopes and mineralogy. Science. 275. 1633-1638. 
Vance, S., Harnmeijer, J., Kimura, J., Hussmann, H., DeMartin, B., and Brown, J.M. 
2007. Hydrothermal Systems in Small Ocean Planets. Astrobiology. 7. 987-1005. 
Van Kranendonk, M.J. 2006. Volcanic degassing, hydrothermal circulation and the 
flourishing of early life on Earth: A review of the evidence from c. 3490-3240 Ma 
rocks of the Pilbara Supergroup, Pilbara Craton, Western Australia. Earth Science 
Reviews. 74. 197-240. 
Van Zuilen, M., Lepland, A., Finarelli, J., Teranes, J.L., Wahlen, G., and Arrhenius, 
G. 2000. Graphite and associating carbonates in Early Archean Isua metasediments, 
southern West Greenland. AGU Fall Meeting. V52-02. 
Vicenzi, E.P., and Heaney, P.J. 1999. Examining Martian alteration products using in 
situ TEM sectioning; a novel application of the focused ion beam (FIB) for the study 
of extraterrestrial materials. Lunar Planetary Science XXX. #2005 (CD-ROM). 
References 
286 
Vicenzi, E.P., and Heaney, P.J. 2000. Multiple martian fluids: the alteration sequence 
in the Lafayette SNC meteorite. Meteoritics and Planetary Science. 35 Supplement. 
164-165. 
 
Volkman, J.K., Johns, R.B., Gilian, F.T., and Perry, G.J. 1980. Microbial lipids of an 
intertidal sediment. I. Fatty acids and hydrocarbons. Geochimica et Cosmochimica 
Acta. 44. 1133–1143. 
 
Wald, A.E. and Salisbury, J.W. 1995. Thermal infrared directional emissivity of 
powdered quartz. Journal of Geophysical Research. 100. 24665-24675. 
 
Walker, J.J., Spear, J.R. and Pace, N.R. 2005. Geobiology of a microbial endolithic 
community in the Yellowstone geothermal environment. Nature. 434. 1011-1014. 
 
Walter, M.R., and Des Marais, D. 1993. Preservation of biological information in 
thermal spring deposits: developing a strategy for the search for fossil life on Mars. 
Icarus. 101. 129-143. 
 
Walter, M.R., Des Marais, D., Farmer, J.D., and Hinman, N.W. 1996. Lithofacies and 
biofacies of mid-Paleozoic thermal spring deposits in the Drummond Basin, 
Queensland, Australia. Palaios. 11. 497-518. 
 
Walter, M.R., McLoughlin, S., Drinnan, A.N., and Farmer, J.D. 1998. Palaeontology 
of Devonian thermal spring deposits, Drummond basin, Australia. Alcheringa. 22. 
285-314. 
 
Ward, W.C., Keller, G., Stinnesbeck, W., and Adatte, T. 1995. Yucatan subsurface 
stratigraphy: Implications and constraints for the Chicxulub impact. Geology. 23. 
873–876. 
 
Watson, L.L., Hutcheon, I.D., Epstein, S., and Stolper, E.M. 1994. Water on Mars: 
clues from deuterium/hydrogen and water contents of hydrous phases in SNC 
meteorites. Science. 265. 86-90. 
 
Webb, P.C., Tindle, A.G., and Ixer, R.A. 1992. W-Sn-Mo-Bi-Ag mineralisation 
associated with zinnwaldite-bearing granite from Glen Gairn, Scotland. Transactions 
of the Institution of Mining and Metallurgy. 101. B59-B72. 
 
Weed, W.H. 1889a. Formation of travertine and siliceous sinter by the vegetation of 
Hot Springs. US Geological Survey. 9th Annual Report. 613-676. 
 
Weed, W.H. 1889b. On the formation of siliceous sinter by the vegetation of thermal 
springs. American Journal of Science. 37. 351-359. 
 
Weiss, B.P., Yung, Y.L., and Nealson, K.H. 2000. Atmospheric energy for subsurface 
life on Mars? Publications of the National Acadamy of Sciences. 97. 1395-1399. 
 
Wenrich, M.L. and Christensen, P.R. 1996. Optical constants of minerals derived 
from emission spectroscopy: Application to quartz. Journal of Geophysical Research. 
101. 15921-15931. 
References 
287 
 
Westall, F. 1999. The nature of fossil bacteria. Journal of Geophysical Research. 104. 
16437-16451. 
 
Westall, F., Boni, L., and Guerzoni, M.E. 1995. The experimental silicification of 
microorganisms. Palaeontology. 38. 495-528. 
 
Westall, F., Nijman, W., Brack, A., Steele, A., and Toporski, J. 2001. The Oldest 
Fossil Life on Earth, its Geological Context and Life on Mars. European Space 
Agency Special Publication. 196. 81-90. 
 
Westall, F., and Walsh, M.M. 2001. Phanerozoic fossil endoliths in Early Archaean 
fossiliferous rocks: implications for the detection of Martian endoliths. Planetary and 
Space Science. Submitted. 
 
Whaler, K.A., and Purucker, M.E. 2003. Martian magnetization - preliminary models. 
The Leading Edge. 22. 763-765. 
 
Whalley, P., and Jarzembowski, E.A. 1981. A new assessment of Rhyniella, the 
earliest known insect, from the Devonian of Rhynie, Scotland. Nature. 291. 317. 
 
Whittet, D.C.B., Boogert, A.C.A., Gerakines, P.A., Schutte, W., Tielens, A.G.G.M., 
de Graauw, Th., Prusti, T., van Dishoeck, E.F., Wesselius, P.R., and Wright, C.M. 
1997.  Infrared Spectroscopy of Dust in the Diffuse Interstellar Medium toward 
Cygnus OB2 No. 12. Astrophysical Journal. 490. 729-734. 
   
White, D.E. 1973. Characteristics of geothermal resources. In Geothermal Energy. 
Eds: Kruger, P. and Otte, C. Stanford University Press. Stanford. 69-94. 
 
White, D.E., Brannock, W.W., and Murata, K.J. 1956. Silica in hot-spring waters. 
Geochimica et Cosmochimica Acta. 10. 27-59. 
 
White, D.E., Thompson, G.A., and Sandberg, G.H. 1964. Rocks, structure, and 
geologic history of Steamboat Springs thermal area, Washoe County, Nevada. 
Geological Survey Professional Paper. 458B. 
 
White, D.E., Hutchinson, R.A., and Keith, T.E.C. 1988. The geology and remarkable 
thermal activity of Norris Geyser Basin, Yellowstone National Park, Wyoming. US 
Geological Survey Professional Paper 1456, 1-84. 
 
Widdel, F. 1988. In Biology of Anaerobic Microorganisms. Ed: Zehnder, A.J.B. New 
York. Wiley. 496-585. 
 
Williams, D.H., and Fleming, I. 1995. Spectroscopic methods in organic chemistry. 
Fifth Edition. The McGraw-Hill Company. Berkshire, England. 329. 
 
Williams, R.J.P. 2006. My past and a future role for inorganic biochemistry. Journal 
of Inorganic Biochemistry. 100. 1908-1924. 
 
References 
288 
Wilson, C.N.J., Houghton, B.F., McWilliams, M.O., Lanphere, M.A., Weaver, S.D., 
and Briggs, R.M. 1995. Volcanic and structural evolution of the Taupo Volcanic 
Zone, New Zealand: a review and synthesis. Journal of Volcanology and Geothermal 
Research. 68. 1-28. 
 
Wilson, T.H., and Ding, P.Z. 2001. Sodium-substrate cotransport in bacteria. 
Biochimica et Biophysica Acta. 1505. 121-130. 
 
Woese, C.R., Kandler, O., and Wheelis, M.L. 1990. Towards a natural system of 
organisms: proposal for the domains Archaea, Bacteria and Eucarya. Proceedings of 
the National Academy of Science. 87. 4576-4579. 
 
Wood, P.C. 1994. Aspects of the Geology of Waimangu, Waiotapu, Waikite and 
Reporoa geothermal systems, Taupo Volcanic Zone, New Zealand. Geothermics. 23. 
401-421. 
 
Woolf, N.J., and Ney, E.P. 1969. Circumstellar Infrared Emission from Cool Stars. 
The Astrophysical Journal. 155. L181. 
 
Wyatt, M.B., and McSween, H.Y. 2002. Spectral evidence for weathered basalt as an 
alternative to andesite in the northern lowlands of Mars. Nature. 417. 263. 
 
Yen, A.S., 13 colleagues. 2008. Hydrothermal processes at Gusev Crater: An 
evaluation of Paso Robles class soils. Journal of Geophysical Research. 113. E06S10. 
 
Yu, C., and Irudayaraj, J. 2005. Spectroscopic characterisation of microorganisms by 
Fourier transform infrared microspectroscopy. Biopolymers. 77. 368-377. 
 
Zahnle, K.J. and Walker, J.C.G. 1982. The evolution of solar ultraviolet luminosity. 
Reviews in Geophysics. 20. 280-292. 
 
Zharova, T.V. 1961. Accumulation of radioactive isotopes of strontium, ruthenium, 
cesium, and cerium by some bacteria. Mikrobiologiia. 30. 871-76. 
 
Zimmer, C., Khurana, K.K., and Kivelson, M.G. 2000. Subsurface oceans on Europa 
and Callisto: constraints from Galileo magnetometer observations. Icarus. 147. 329–
347. 
 
Zuber, M.T. 2001. The crust and mantle of Mars. Nature. 412. 220-227. 
 
Zürcher, L., and Kring, D.A. 2003. Preliminary results on the post impact 
hydrothermal alteration in the Yaxcopoil-1 hole, Chicxulub impact structure, Mexico. 
34th Lunar and Planetary Science Conference. 1735. 
 
Zürcher, L., and Kring, D.A. 2004. Hydrothermal alteration in the core of the 
Yaxcopoil-1 borehole, Chicxulub impact structure, Mexico. Meteoritics and 
Planetary Science. 39. 1199–1221. 
 
References 
289 
Zürcher, L., Kring, D.A., Dettman, D., and Rollog, M. 2003. Stable isotope record of 
post-impact fluid activity in the Chicxulub crater as exposed by the Yaxcopoil-1 
borehole. 34th Lunar and Planetary Science Conference. 1728. 
 
Appendix 1 
290 
APPENDIX 1 
 
 
Physical Characteristics 
Ash 11.20% 
Loss on Drying 3.10% 
Clarity 
1% Soln (NTU) 
1.5 
pH  1% Soln 6.7 
Filterability 2.7 g/cm2 
Carbohydrate (%) 
Total 17.5 
Nitrogen Content (%) 
Total Nitrogen 10.9 
AN/TN 55 
Amino Nitrogen 6 
Amino Acids (%) 
Alanine 5.36 
Arginine 3.02 
Aspartic Acid 6.69 
Cystine 0.74 
Glutamic Acid 14.2 
Glycine 3.25 
Histidine 1.2 
Isoleucine 3.32 
Leucine 4.69 
Lysine 5.15 
Methionine  1.05 
Phenylalanine 2.53 
Proline 2.6 
Serine 2.84 
Threonine  2.95 
Tryptophan 1.36 
Tyrosine  1.2 
Valine 3.79 
Inorganics (%) 
Calcium 0.013 
Chloride 0.38 
Cobalt <0.001 
Copper <0.001 
Iron <0.001 
Lead <0.001 
Magnesium 0.075 
Manganese <0.001 
Phosphate 3.27 
Potassium  3.195 
Sodium 1.49 
Sulfate 0.091 
Sulfur 0.634 
Tin <0.001 
Zinc 0.011 
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Vitamins (μg/g) 
Biotin 3.3 
Choline (as Choline Chloride) 300 
Cyanocobalamin <0.1 
Folic Acid 1.5 
Inositol 1400 
Nicotinic Acid 597.9 
PABA 763 
Pantothenic Acid 273.7 
Pyridoxine 43.2 
Riboflavin 116.5 
Thiamine 529..9 
Thymidine 17.5 
Biological Testing (CFU/g) 
Coliform negative  
Standard Plate Count 60 
Salmonella negative  
Thermophile Count <5 
Spore Count 9 
 
Table 1.1 DIFCO yeast extract - Formula per Litre 
 
 
ICP-AES Analytical Errors 
 
 
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
15608 Al2O3 0.08  15611 Al2O3 0.28 
15608 Ba 0.10  15611 Ba 0.32 
15608 CaO 0.16  15611 CaO 0.29 
15608 Cr 0.32  15611 Cr 0.43 
15608 Fe2O3 0.73  15611 Fe2O3 0.91 
15608 K2O 0.32  15611 K2O 0.34 
15608 MgO 0.28  15611 MgO 0.09 
15608 MnO 0.33  15611 MnO 0.19 
15608 Na2O 1.44  15611 Na2O 0.88 
15608 Ni 0.68  15611 Ni 1.32 
15608 P2O5 1.09  15611 P2O5 0.78 
15608 SiO2 0.29  15611 SiO2 0.35 
15608 Sr 0.55  15611 Sr 0.56 
15608 TiO2 0.20  15611 TiO2 0.48 
15608 Y 0.18  15611 Y 0.95 
15608 Zr 0.39  15611 Zr 0.49 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
15609 Al2O3 0.39  15612 Al2O3 0.52 
15609 Ba 0.45  15612 Ba 0.40 
15609 CaO 0.43  15612 CaO 0.53 
15609 Cr 0.48  15612 Cr 0.41 
15609 Fe2O3 0.67  15612 Fe2O3 0.90 
15609 K2O 0.37  15612 K2O 0.76 
15609 MgO 0.32  15612 MgO 0.59 
15609 MnO 0.45  15612 MnO 0.73 
15609 Na2O 0.40  15612 Na2O 0.80 
15609 Ni 1.96  15612 Ni 1.66 
15609 P2O5 0.62  15612 P2O5 0.28 
15609 SiO2 0.24  15612 SiO2 0.33 
15609 Sr 0.76  15612 Sr 0.89 
15609 TiO2 0.51  15612 TiO2 0.64 
15609 Y 0.44  15612 Y 0.71 
15609 Zr 0.38  15612 Zr 0.40 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
15610 Al2O3 0.36  15613 Al2O3 0.39 
15610 Ba 0.28  15613 Ba 0.28 
15610 CaO 0.47  15613 CaO 0.33 
15610 Cr 0.38  15613 Cr 0.54 
15610 Fe2O3 0.56  15613 Fe2O3 0.86 
15610 K2O 0.64  15613 K2O 0.21 
15610 MgO 0.27  15613 MgO 0.26 
15610 MnO 0.45  15613 MnO 0.73 
15610 Na2O 1.40  15613 Na2O 1.54 
15610 Ni 1.32  15613 Ni 3.47 
15610 P2O5 0.93  15613 P2O5 1.75 
15610 SiO2 0.35  15613 SiO2 0.24 
15610 Sr 0.12  15613 Sr 0.40 
15610 TiO2 0.57  15613 TiO2 0.45 
15610 Y 0.49  15613 Y 0.39 
15610 Zr 0.35  15613 Zr 0.47 
 
Table 1.2 ICP-AES % Relative Standard Deviations (RSD) for Req 844 Fusions - Major elements, for 
basalt samples 4O, 3H, Cubes 1, 11, 3, 13; solution labels 15613, 15610, 15608, 15611, 15609 and 
15612 respectively. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15608 As 15.55  L15611 As 14.19 
L15608 Cd 0.60  L15611 Cd 1.10 
L15608 Ce 0.46  L15611 Ce 1.07 
L15608 Co 0.40  L15611 Co 0.44 
L15608 Cu 0.16  L15611 Cu 1.32 
L15608 La 0.32  L15611 La 1.13 
L15608 Li 0.16  L15611 Li 0.67 
L15608 Nb 1.96  L15611 Nb 1.28 
L15608 Pb 18.75  L15611 Pb 2.71 
L15608 Rb 0.65  L15611 Rb 1.96 
L15608 S 3.93  L15611 S 2.55 
L15608 Sc 0.49  L15611 Sc 1.18 
L15608 Sn 36.33  L15611 Sn 33.05 
L15608 V 0.11  L15611 V 1.25 
L15608 Yb 0.32  L15611 Yb 0.87 
L15608 Zn 0.21  L15611 Zn 1.21 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15609 As 3.84  L15612 As 31.69 
L15609 Cd 0.74  L15612 Cd 0.61 
L15609 Ce 0.40  L15612 Ce 0.44 
L15609 Co 0.90  L15612 Co 0.52 
L15609 Cu 0.24  L15612 Cu 0.18 
L15609 La 0.25  L15612 La 0.23 
L15609 Li 0.27  L15612 Li 0.14 
L15609 Nb 0.98  L15612 Nb 0.66 
L15609 Pb 14.76  L15612 Pb 56.29 
L15609 Rb 0.49  L15612 Rb 1.02 
L15609 S 2.84  L15612 S 3.74 
L15609 Sc 0.23  L15612 Sc 0.24 
L15609 Sn 33.19  L15612 Sn 51.02 
L15609 V 0.19  L15612 V 0.19 
L15609 Yb 0.28  L15612 Yb 0.12 
L15609 Zn 0.21  L15612 Zn 0.17 
 
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15610 As 13.20  L15613 As 10.67 
L15610 Cd 0.57  L15613 Cd 0.39 
L15610 Ce 0.42  L15613 Ce 0.45 
L15610 Co 0.50  L15613 Co 0.54 
L15610 Cu 0.49  L15613 Cu 0.30 
L15610 La 0.36  L15613 La 0.33 
L15610 Li 0.25  L15613 Li 0.09 
L15610 Nb 1.60  L15613 Nb 0.43 
L15610 Pb 17.86  L15613 Pb 14.07 
L15610 Rb 0.56  L15613 Rb 1.12 
L15610 S 3.17  L15613 S 1.55 
L15610 Sc 0.42  L15613 Sc 0.50 
L15610 Sn 25.43  L15613 Sn 21.19 
L15610 V 0.55  L15613 V 0.23 
L15610 Yb 0.55  L15613 Yb 0.17 
L15610 Zn 0.46  L15613 Zn 0.15 
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Table 1.3 ICP-AES % Relative Standard Deviations (RSD) for Req 844 Traces - Minor elements, for 
basalt samples 4O, 3H, Cubes 1, 11, 3, 13; solution labels 15613, 15610, 15608, 15611, 15609 and 
15612 respectively. 
 
 
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 7 Al2O3 0.22  Cube 14 Al2O3 0.13 
Cube 7 Ba 0.13  Cube 14 Ba 0.26 
Cube 7 CaO 0.24  Cube 14 CaO 0.13 
Cube 7 Cr 0.31  Cube 14 Cr 0.35 
Cube 7 Fe2O3 0.41  Cube 14 Fe2O3 0.43 
Cube 7 K2O 0.22  Cube 14 K2O 0.37 
Cube 7 MgO 0.36  Cube 14 MgO 0.16 
Cube 7 MnO 0.54  Cube 14 MnO 0.75 
Cube 7 Na2O 0.79  Cube 14 Na2O 0.54 
Cube 7 Ni 2.04  Cube 14 Ni 1.26 
Cube 7 P2O5 0.89  Cube 14 P2O5 0.99 
Cube 7 SiO2 0.30  Cube 14 SiO2 0.40 
Cube 7 Sr 0.47  Cube 14 Sr 0.38 
Cube 7 TiO2 0.31  Cube 14 TiO2 0.30 
Cube 7 Y 0.68  Cube 14 Y 0.63 
Cube 7 Zr 0.70  Cube 14 Zr 0.94 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 10 Al2O3 0.22  Cube 15 Al2O3 0.18 
Cube 10 Ba 0.16  Cube 15 Ba 0.30 
Cube 10 CaO 0.26  Cube 15 CaO 0.09 
Cube 10 Cr 0.28  Cube 15 Cr 0.26 
Cube 10 Fe2O3 0.43  Cube 15 Fe2O3 0.43 
Cube 10 K2O 0.49  Cube 15 K2O 0.55 
Cube 10 MgO 0.31  Cube 15 MgO 0.43 
Cube 10 MnO 0.47  Cube 15 MnO 0.55 
Cube 10 Na2O 0.43  Cube 15 Na2O 0.64 
Cube 10 Ni 1.04  Cube 15 Ni 2.95 
Cube 10 P2O5 1.10  Cube 15 P2O5 1.37 
Cube 10 SiO2 0.41  Cube 15 SiO2 0.31 
Cube 10 Sr 0.24  Cube 15 Sr 0.11 
Cube 10 TiO2 0.30  Cube 15 TiO2 0.21 
Cube 10 Y 0.84  Cube 15 Y 0.57 
Cube 10 Zr 0.28  Cube 15 Zr 0.68 
 
Table 1.4 ICP-AES % Relative Standard Deviations (RSD) for Req 871 Fusions - Major elements for 
cubes 7, 10, 14 and 15. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 7 As 16.82  Cube 14 As 8.46 
Cube 7 Cd 0.60  Cube 14 Cd 0.33 
Cube 7 Ce 0.22  Cube 14 Ce 0.54 
Cube 7 Co 0.35  Cube 14 Co 0.97 
Cube 7 Cu 0.30  Cube 14 Cu 0.32 
Cube 7 La 0.54  Cube 14 La 0.42 
Cube 7 Li 0.21  Cube 14 Li 0.29 
Cube 7 Nb 1.02  Cube 14 Nb 1.27 
Cube 7 Pb 99.96  Cube 14 Pb 20.85 
Cube 7 Rb 0.67  Cube 14 Rb 1.63 
Cube 7 S 5.78  Cube 14 S 6.55 
Cube 7 Sc 0.21  Cube 14 Sc 0.51 
Cube 7 Sn 22.17  Cube 14 Sn 36.59 
Cube 7 V 0.28  Cube 14 V 0.47 
Cube 7 Yb 0.37  Cube 14 Yb 0.26 
Cube 7 Zn 0.36  Cube 14 Zn 0.36 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 10 As 9.28  Cube 15 As 34.84 
Cube 10 Cd 0.66  Cube 15 Cd 0.75 
Cube 10 Ce 0.77  Cube 15 Ce 0.69 
Cube 10 Co 0.56  Cube 15 Co 0.58 
Cube 10 Cu 0.46  Cube 15 Cu 0.50 
Cube 10 La 0.50  Cube 15 La 0.45 
Cube 10 Li 0.17  Cube 15 Li 0.19 
Cube 10 Nb 0.94  Cube 15 Nb 0.57 
Cube 10 Pb 65.09  Cube 15 Pb 635.12 
Cube 10 Rb 0.68  Cube 15 Rb 0.94 
Cube 10 S 10.47  Cube 15 S 13.58 
Cube 10 Sc 0.41  Cube 15 Sc 0.48 
Cube 10 Sn 35.16  Cube 15 Sn 34.03 
Cube 10 V 0.37  Cube 15 V 0.54 
Cube 10 Yb 0.22  Cube 15 Yb 0.53 
Cube 10 Zn 0.40  Cube 15 Zn 0.48 
 
Table 1.5 ICP-AES % Relative Standard Deviations (RSD) for Req 871 Traces - Minor elements for 
cubes 7, 10, 14 and 15. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 25 Al2O3 0.24  Cube 30 Al2O3 0.19 
Cube 25 Ba 0.24  Cube 30 Ba 0.15 
Cube 25 CaO 0.29  Cube 30 CaO 0.25 
Cube 25 Cr 0.35  Cube 30 Cr 0.21 
Cube 25 Fe2O3 0.34  Cube 30 Fe2O3 0.17 
Cube 25 K2O 0.47  Cube 30 K2O 0.36 
Cube 25 MgO 0.69  Cube 30 MgO 0.34 
Cube 25 MnO 0.48  Cube 30 MnO 0.31 
Cube 25 Na2O 0.40  Cube 30 Na2O 0.45 
Cube 25 Ni 0.87  Cube 30 Ni 0.62 
Cube 25 P2O5 1.15  Cube 30 P2O5 0.92 
Cube 25 SiO2 0.40  Cube 30 SiO2 0.20 
Cube 25 Sr 0.40  Cube 30 Sr 0.27 
Cube 25 TiO2 0.48  Cube 30 TiO2 0.16 
Cube 25 Y 0.71  Cube 30 Y 0.33 
Cube 25 Zr 0.32  Cube 30 Zr 0.48 
 
Table 1.6 ICP-AES % Relative Standard Deviations (RSD) for Req 904 Fusions - Major elements for 
cubes 25 and 30. 
 
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
Cube 25 As 7.04  Cube 30 As 18.69 
Cube 25 Cd 1.16  Cube 30 Cd 0.32 
Cube 25 Ce 0.65  Cube 30 Ce 0.52 
Cube 25 Co 0.60  Cube 30 Co 0.58 
Cube 25 Cu 0.39  Cube 30 Cu 0.21 
Cube 25 La 0.45  Cube 30 La 0.13 
Cube 25 Li 0.38  Cube 30 Li 0.23 
Cube 25 Nb 2.32  Cube 30 Nb 1.70 
Cube 25 Pb 67.08  Cube 30 Pb 373.78 
Cube 25 Rb 1.07  Cube 30 Rb 1.06 
Cube 25 S 4.50  Cube 30 S 3.04 
Cube 25 Sc 0.46  Cube 30 Sc 0.33 
Cube 25 Sn 31.78  Cube 30 Sn 37.01 
Cube 25 V 0.32  Cube 30 V 0.28 
Cube 25 Yb 0.34  Cube 30 Yb 0.20 
Cube 25 Zn 0.42  Cube 30 Zn 0.19 
 
Table 1.7 ICP-AES % Relative Standard Deviations (RSD) for Req 904 Traces - Minor elements for 
cubes 25 and 30. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15783 Al2O3 0.298514  L15785 Al2O3 0.278969 
L15783 Ba 0.232995  L15785 Ba 0.192806 
L15783 CaO 0.271703  L15785 CaO 0.28817 
L15783 Cr 0.345949  L15785 Cr 0.254164 
L15783 Fe2O3 0.211115  L15785 Fe2O3 0.413849 
L15783 K2O 0.278981  L15785 K2O 0.481384 
L15783 MgO 0.315709  L15785 MgO 0.228145 
L15783 MnO 0.354051  L15785 MnO 0.317805 
L15783 Na2O 0.497325  L15785 Na2O 0.343728 
L15783 Ni 0.806654  L15785 Ni 0.462159 
L15783 P2O5 1.13696  L15785 P2O5 0.776487 
L15783 SiO2 0.293039  L15785 SiO2 0.269332 
L15783 Sr 0.608357  L15785 Sr 0.307427 
L15783 TiO2 0.373414  L15785 TiO2 0.365481 
L15783 Y 0.862341  L15785 Y 0.0936817 
L15783 Zr 0.373311  L15785 Zr 0.378482 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15784 Al2O3 0.157637  L15786 Al2O3 0.239809 
L15784 Ba 0.231589  L15786 Ba 0.160132 
L15784 CaO 0.152982  L15786 CaO 0.254884 
L15784 Cr 0.173872  L15786 Cr 0.284814 
L15784 Fe2O3 0.129701  L15786 Fe2O3 0.245383 
L15784 K2O 0.173768  L15786 K2O 0.231188 
L15784 MgO 0.698254  L15786 MgO 0.489332 
L15784 MnO 0.288093  L15786 MnO 0.498988 
L15784 Na2O 0.512327  L15786 Na2O 0.365325 
L15784 Ni 0.692229  L15786 Ni 0.662003 
L15784 P2O5 0.346283  L15786 P2O5 1.62823 
L15784 SiO2 0.0652362  L15786 SiO2 0.187787 
L15784 Sr 0.351734  L15786 Sr 0.228798 
L15784 TiO2 0.439475  L15786 TiO2 0.271896 
L15784 Y 0.748319  L15786 Y 0.488185 
L15784 Zr 0.269508  L15786 Zr 0.300616 
 
Table 1.8 ICP-AES % Relative Standard Deviations (RSD) for Req 970 Fusions - Major elements. 
L15783, 15784, 15785 and 15786 are basalt samples BBL1, BBL2, BIM1 and BIM2. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15783 As 11.2878  L15785 As 21.5813 
L15783 Cd 0.579539  L15785 Cd 0.733834 
L15783 Ce 0.593266  L15785 Ce 0.338218 
L15783 Co 0.313859  L15785 Co 0.916784 
L15783 Cu 0.35977  L15785 Cu 0.238059 
L15783 La 0.478829  L15785 La 0.454875 
L15783 Li 0.145227  L15785 Li 0.174386 
L15783 Nb 0.823769  L15785 Nb 0.355558 
L15783 Pb 76.3262  L15785 Pb 62.602 
L15783 Rb 0.561626  L15785 Rb 0.686386 
L15783 S 3.89134  L15785 S 3.61206 
L15783 Sc 0.279745  L15785 Sc 0.213432 
L15783 Sn 46.6637  L15785 Sn 14.5647 
L15783 V 0.284151  L15785 V 0.24301 
L15783 Yb 0.234592  L15785 Yb 0.258034 
L15783 Zn 0.221509  L15785 Zn 0.221453 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15784 As 26.5942  L15786 As 37.7531 
L15784 Cd 0.66514  L15786 Cd 0.291125 
L15784 Ce 0.438994  L15786 Ce 0.31669 
L15784 Co 0.627739  L15786 Co 0.601732 
L15784 Cu 0.512704  L15786 Cu 0.293455 
L15784 La 0.324598  L15786 La 0.229985 
L15784 Li 0.196148  L15786 Li 0.15485 
L15784 Nb 0.784339  L15786 Nb 0.582236 
L15784 Pb 105.583  L15786 Pb 62.9186 
L15784 Rb 1.06213  L15786 Rb 0.977243 
L15784 S 4.97098  L15786 S 6.97338 
L15784 Sc 0.32665  L15786 Sc 0.38152 
L15784 Sn 47.1274  L15786 Sn 39.1852 
L15784 V 0.34341  L15786 V 0.218086 
L15784 Yb 0.299684  L15786 Yb 0.171698 
L15784 Zn 0.32575  L15786 Zn 0.110012 
 
Table 1.9 ICP-AES % Relative Standard Deviations (RSD) for Req 970 Traces - Minor elements. 
L15783, 15784, 15785 and 15786 are basalt samples BBL1, BBL2, BIM1 and BIM2. 
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Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15966 Al2O3 0.92  L15968 Al2O3 0.85 
L15966 Ba 0.68  L15968 Ba 1.24 
L15966 CaO 0.75  L15968 CaO 0.16 
L15966 Cr 3.10  L15968 Cr 2.55 
L15966 Fe2O3 0.67  L15968 Fe2O3 0.47 
L15966 K2O 1.35  L15968 K2O 0.62 
L15966 MgO 0.90  L15968 MgO 0.30 
L15966 MnO 0.86  L15968 MnO 0.77 
L15966 Na2O 1.07  L15968 Na2O 0.25 
L15966 Ni 5.41  L15968 Ni 5.57 
L15966 P2O5 6.77  L15968 P2O5 16.28 
L15966 SiO2 1.14  L15968 SiO2 0.45 
L15966 Sr 0.73  L15968 Sr 0.81 
L15966 TiO2 0.78  L15968 TiO2 0.58 
L15966 Y 2.07  L15968 Y 5.25 
L15966 Zr 2.14  L15968 Zr 7.06 
       
Solution Label Element Intensity RSD  Solution Label Element Intensity RSD 
L15967 Al2O3 0.40  L15969 Al2O3 0.27 
L15967 Ba 0.35  L15969 Ba 0.40 
L15967 CaO 0.25  L15969 CaO 0.39 
L15967 Cr 8.80  L15969 Cr 1.17 
L15967 Fe2O3 0.66  L15969 Fe2O3 0.50 
L15967 K2O 0.60  L15969 K2O 0.08 
L15967 MgO 0.33  L15969 MgO 0.33 
L15967 MnO 0.40  L15969 MnO 0.45 
L15967 Na2O 0.50  L15969 Na2O 0.15 
L15967 Ni 14.04  L15969 Ni 10.11 
L15967 P2O5 11.29  L15969 P2O5 6.23 
L15967 SiO2 0.45  L15969 SiO2 0.44 
L15967 Sr 0.36  L15969 Sr 0.66 
L15967 TiO2 0.31  L15969 TiO2 0.52 
L15967 Y 1.22  L15969 Y 1.36 
L15967 Zr 0.46  L15969 Zr 1.28 
 
Table 1.10 ICP-AES % Relative Standard Deviations (RSD) for Req 1083 Fusions - Major elements.  
L15966, 15968 and 15069 are solution labels for representative samples of Icelandic (P15001, P15000 
and ICE T) and New Zealand, L15967, silica sinters (NZSS1). 
 
 
  
 
Sample Cube 1 Cube 3 3H Cube 11 Cube 13 4O cube 7 cube 10 cube 14 cube 15 Cube 25 Cube 30 
Si 1.97 1.97 1.97 1.97 1.97 1.96 1.88 1.89 1.87 1.89 1.90 1.89 
Al 8.42 8.42 8.42 8.46 8.42 8.37 8.24 8.24 8.08 8.19 8.21 8.10 
Fe 0.48 0.48 0.48 0.48 0.48 0.48 0.46 0.46 0.46 0.45 0.47 0.48 
Mg 0.79 0.79 0.79 0.78 0.78 0.80 0.74 0.75 0.75 0.76 0.78 0.81 
Ca 8.84 8.84 8.84 8.86 8.81 8.74 8.46 8.50 8.35 8.44 8.56 8.45 
Na 4.12 4.12 4.12 4.32 4.31 4.27 4.05 3.97 3.92 4.04 3.95 3.90 
K 11.37 11.37 11.37 11.80 11.35 11.16 10.97 10.88 10.52 10.92 10.16 10.47 
Ti 31.93 31.93 31.93 32.17 31.79 31.75 30.95 30.95 30.50 30.67 30.93 30.83 
P 3.16 3.16 3.16 3.16 3.17 3.15 2.91 2.99 2.91 2.97 7.40 6.81 
Mn 0.77 0.77 0.77 0.78 0.76 0.77 0.71 0.73 0.72 0.73 0.74 0.76 
As 0.60 0.54 0.48 0.55 0.50 0.49 2.21 2.21 2.21 2.21 NA NA 
Ba 133.95 134.33 134.20 136.81 133.87 133.86 131.86 131.75 127.88 130.42 157.35 141.64 
Cd 0.13 0.14 0.12 0.13 0.13 0.13 14.71 14.71 14.71 14.71 NA NA 
Ce  134.71 135.03 136.17 135.68 134.28 133.60 133.74 134.81 131.69 134.21 91.80 79.88 
Co  0.11 0.10 0.10 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.11 0.11 
Cr  0.28 0.27 0.26 0.28 0.28 0.28 0.23 0.23 0.23 0.22 0.39 0.36 
Cu 0.62 0.58 0.59 0.72 0.50 0.75 0.50 0.48 0.52 0.49 0.61 0.61 
La 175.03 175.70 178.21 177.92 176.02 174.84 177.99 180.04 175.32 178.69 131.93 109.61 
Li 2.77 2.53 2.87 3.42 3.16 3.07 3.11 2.34 3.13 3.88 3.74 3.73 
Nb NA NA NA NA NA NA 173.00 165.58 167.01 168.62 196.96 174.25 
Ni 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 
Rb 7.37 7.69 7.63 8.17 7.65 7.80 7.25 7.19 7.04 7.26 6.47 6.47 
S NA NA NA NA NA NA 0.00 0.00 0.00 0.00 0.00 0.00 
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Sc 5.31 5.26 5.08 5.36 5.29 5.33 5.26 5.27 5.22 5.26 4.86 3.03 
Sr 95.36 92.39 93.19 95.71 94.36 93.98 89.88 92.27 90.14 90.29 86.23 67.28 
V  5.55 5.52 5.38 5.66 5.53 5.58 5.39 5.43 5.36 5.37 5.85 5.62 
Y 17.88 17.87 17.91 18.16 17.97 17.89 18.04 18.23 17.84 18.06 17.57 17.47 
Yb 13.33 13.18 13.08 13.44 13.27 13.25 13.19 13.32 13.15 13.27 16.60 13.77 
Zn 0.31 0.39 0.30 0.32 0.31 0.31 0.30 0.30 0.30 0.30 0.27 0.24 
Zr 54.82 54.82 54.82 54.07 54.40 53.45 53.41 53.81 53.17 53.57 52.24 50.76 
 
Table 2.1 ICP-AES basalt cube data in wt% normalised to CI chondrite.  NA = not analysed. 
 
 
  Sample P15001 NZSS1 P15000 IceT 
Wt % SiO2 82.45 88.02 92.46 84.00 
  Al2O3 5.23 2.96 1.45 4.00 
  Fe2O3 1.31 0.18 0.42 2.47 
  MgO 0.29 0.04 0.21 0.56 
  CaO 1.16 0.07 0.18 0.83 
  Na2O 1.43 0.10 0.05 0.66 
  K2O 0.58 0.22 0.05 0.27 
  TiO2 0.19 0.90 0.14 0.40 
  P2O5 < 0.03 < 0.03 < 0.03 0.03 
  MnO 0.03 0.00 0.00 0.05 
ppm Ba 32.20 545.00 8.60 90.61 
  Cr 11.19 10.00 27.69 36.47 
  Ni < 6.00 < 6.00 < 6.00 < 6.00 
  Sr 33.79 18.35 7.69 28.44 
  Y 6.70 10.83 5.00 19.64 
  Zr <7.0 472.00 12.22 91.23 
 
Table 2.2 ICP-AES silica sinter data in wt% and ppm.  P15001, P15000 and Ice T are from Icelandic sites and NZSS1 is from New Zealand. 
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Weeks 3 7 15 23 31 
Na 0.000017 0.000033 0.000094 0.000236 0.000289 
Mg 0.000000 0.000000 0.000001 0.000000 0.000000 
Al 0.000003 0.000005 0.000003 0.000002 0.000001 
P 0.000048 0.000048 0.000036 0.000108 0.000050 
K 0.000354 0.000506 0.000607 0.001452 0.001601 
Ca 0.000032 0.000030 0.000100 0.000004 0.000022 
Ti 0.000005 0.000022 0.000002 0.000022 0.000022 
Cu 0.000038 0.000038 0.000013 0.000763 0.000382 
Zn 0.000017 0.000009 0.000003 0.000015 0.000031 
As 0.009116 0.015193 0.006077 0.276243 0.027624 
 
Table 2.3 ICP-AES solution data from water retrieved during the basalt experiment in Chapter 6.  Time the water was analysed is shown in weeks.  Data is presented in ppm 
normalised to CI chondrite to correspond to equivalent basalt analyses. 
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Sample BBL1 BBL2 BIM1 BIM2 
Si 1.91 1.93 1.91 1.91 
Al 8.14 8.09 8.00 8.12 
Fe 0.46 0.47 0.47 0.46 
Mg 0.77 0.77 0.77 0.75 
Ca 8.38 8.39 8.21 8.41 
Na 3.92 3.81 3.98 3.80 
K 10.84 10.84 11.14 10.84 
Ti 30.51 30.64 30.24 30.38 
P 2.92 2.97 3.06 2.97 
Mn 0.72 0.72 0.76 0.72 
As 5.52 5.52 5.52 5.52 
Ba 161.41 118.26 120.75 118.67 
Cd 22.06 22.06 22.06 22.06 
Ce 293.03 292.55 299.80 292.06 
Co 0.13 0.13 0.13 0.13 
Cr 0.25 0.27 0.24 0.25 
Cu 0.54 0.49 0.48 0.48 
La 145.88 145.45 150.21 145.88 
Li 3.76 3.76 3.76 3.76 
Nb 179.72 179.72 187.98 176.41 
Ni 0.03 0.03 0.03 0.02 
Pb 7.91 7.91 7.91 7.91 
Rb 7.56 7.38 8.05 7.43 
S 0.00 0.00 0.00 0.00 
Sc 5.04 7.12 4.77 5.00 
Sn 2.98 2.98 2.98 2.98 
Sr 86.72 87.13 86.11 86.52 
V 5.26 5.26 5.07 5.22 
Y 18.74 18.74 18.84 18.84 
Yb 11.73 12.15 11.73 11.73 
Zn 0.30 0.29 0.30 0.30 
Zr 51.81 52.33 53.37 52.07 
 
Table 2.4 ICP-AES data for the basalt cubes exposed to culture (BIM1 and 2) and control samples 
submerged in liquid media (BBL1 and 2).  Data is in wt% normalised to CI chondrite. 
